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PREFACE 

The  present  investigation  has  been  carried  out  at  the  Norwegian  Defence  Research 
Establishment,  Division  for  Toxicology,  Kjeller,  in  the  period  1976  —  1979.  1;  repre¬ 
sents  part  of  a  continuing  research  program  undertaken  by  The  Institute,  aimed  at  the 
elucidation  of  biochemical  aspects  of  brain  organization  and  function  at  the  synaptic 
level.  Increasing  our  knowledge  in  this  area  is  a  prerequisite  for  understanding  drug 
actions,  intoxications  and  specific  disorders  of  the  brain,  and  for  devising  rational 
treatments  for  these  conditions. 

1  wish  to  express  my  gratitude  to  Dr  philos  F  Fonnuni,  Head  of  the  Division  for 
Toxicology,  for  introducing  me  to  the  excitement  of  modern  neuroscience,  and  for 
his  continuing  and  inspiring  support  during  the  investigation.  I  also  wish  to  thank  the 
Director  of  the  Institute,  Mr  Finn  Lied,  for  providing  research  facilities.  I  am  further 
indebted  to  Dr  R  Lund  Karlsen  for  discussions  and  suggestions  during  the  initial 
investigations.  Mrs  K  Holte  and  Mr  PJ  Karlsen  have  given  me  technical  help,  Mrs  E 
Iversen  has  instructed  me  in  some  of  the  microchemical  techniques  used,  and  together 
with  Mrs  L  Eliassen  given  me  technical  assistance  during  parts  of  the  study.  I  am  also 
grateful  to  my  colleagues  at  the  NDRE  for  the  stimulating  milieu  they  have  provided. 

I  am  particularly  grateful  to  my  father  and  my  late  mother,  who  by  their  own 
example  showed  me  the  attractions  of  a  life  in  biomedical  science,  and  to  my  wife 
for  her  support  throughout  the  period  of  this  work. 


New  Haven,  Connecticut,  June  1981 


Ivar  Walaas 
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NEURO  TRANSMITTER  MECHANISMS  IN  THE  NUCLEUS  ACCUMBENS  SEPTI 
AND  RELATED  REGIONS  IN  THE  RAT  BRAIN 


SIMMARY 

The  present  investigation  c  ompares  the  localization  of  different  transmitter  candida¬ 
tes,  particularly  the  amino  acids  ^'antinobutyrate  (GABA)  and  glutamate  (GLU),  in 
limbic  and  basal  ganglia  regions  in  the  rat  brain.  In  particular,  the  characteristics  of 
nucleus  accumbcns  septi  have  been  studied  in  some  detail.  GABA  neurons  have  been 
found  in  nucleus  accumbcns,  and  GABA  projections  from  this  nucleus  have  been 
identified  in  restricted  basal  forebrain  and  mesencephalic  regions.  GLU  projections 
from  the  neo-  or  allocortex  have  been  found  to  terminate  in  nucleus  accumbens  and 
other  forebrain  and  hypothalamic  nuclei.  Ncurotransmitters  in  local  neurons  have 
been  identified  in  the  hippocampus,  nucleus  accumbens,  septum  and  caudatoputamen 
by  means  of  local  kainic  acid  injections,  while  neurons  in  the  mediobasal  hypothala¬ 
mus  have  been  studied  after  systemic  treatment  of  newborn  animals  with  monoso¬ 
dium  glutamate.  The  results  arc  discussed  as  a  basis  for  a  better  understanding  of 
limbic-basal  ganglia  interactions. 


1  OBJECT  OF  INVESTIGATION 

The  present  study  was  initiated  in  order  to  gain  basic  information  on  some  aspects  of 
neurotransmitter  mechanisms  in  the  mammalian  brain.  Analysis  of  regions  with  dop¬ 
aminergic  innervation  seemed  of  particular  importance,  due  to  the  suggested  role  of 
such  regions  in  movement  disorders,  endocrinological  and  mental  dysfunction,  and 
antipsychotic  drug  action  (Costa  and  Gessa  1977,  Roberts  et  al  1978).  Furthermore, 
anatomical  and  functional  reclassifications  of  the  limbic  system-basal  ganglia  interface, 
particularly  the  nucleus  accumbens  septi,  have  recently  been  proposed  (Heimer  and 
Wilson  1973,  Meitner  1978,  N'auta  dal  1978,  Nauta  1979,  Mogcnson  dal  1980). 
Ncurochemical  data  relevant  to  these  hypotheses  have,  however,  been  scarce  (Wilson 
1972,  N'auta  1979).  Therefore,  the  major  brain  regions  chosen  for  study  were  related 
to  the  ’limbic  system’  and/or  the  basal  ganglia,  and  all  had  a  well-defined  dopaminer¬ 
gic  innervation.  During  the  study,  it  also  became  clear  that  the  neurons  containing  the 
amino  acid  transmitter  candidates  7-aminobutyratc  (GABA)  and  glutamate  (GLU)  in 
these  regions  were  largely  unidentified.  These  transmitter  systems  have  therefore  re¬ 
ceived  particular  attention. 

Initial  work  analysed  the  detailed  topographical  distribution  of  the  monoamine,  ace¬ 
tylcholine  (ACh)  and  GABA  neurons  in  the  regions  by  means  of  enzymatic  trans¬ 
mitter  marker  analysis  (Fonnum  1975a)  on  microdisscctcd  tissue  samples  (Papers  I, 
VI,  VIII,  XI).  The  role  of  the  excitatory  amino  acid  GLU  was  studied  by  means  of 
amino  acid  analysis  and  high  affinity  GLU  uptake  activity  measurements.  In  two  such 
studies,  the  GLU  input  to  nucleus  accumbens  was  identified  and  compared  to  that  of 
caudatoputamen  (Papers  II,  III),  while  two  studies  analysed  allocortical  GLU  projec¬ 
tions  from  the  hippocampal  formation  to  the  septum,  basal  forebrain  and  hypothala¬ 
mus  (Papers  IV,  V). 

Local  transmitter  mechanisms  were  studied  by  means  of  ’excitotoxic’  amino  acid 
lesions.  The  hypothalamic  toxicity  of  systcinically  administered  GLU  to  newborn 
animals  was  analysed  with  morphological,  histochcmical  and  microchemical  methods 
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(Paper  VI).  The  toxicity  and  specificity  of  local  application  of  the  GLU-analoguc 
kainic  acid  was  studied  in  the  hippocampus,  a  region  with  well-defined  monoamine, 
ACh  and  GABA  fibers  (Paper  IV).  Later  work  used  this  compound  in  studies  on 
nucleus  accumbens,  caudatoputamen  and  septum,  where  local  neurons  were  identified 
(Papers  II,  VII).  The  cellular  and  subcellular  localization  of  guanylate  cyclase,  an 
enzyme  suggested  to  be  involved  in  ACh  and  GLU  neurotransmission  (Grcengard 
1978,  Biggio  et  al  1978)  and  in  kainate  neurotoxicity  (Honegger  and  Richelson  1977), 
was  also  investigated  in  the  latter  nuclei  (Paper  VII). 

Finally,  the  organization  of  GABA  neurons  in  the  nucleus  accumbcns  was  compared 
to  the  caudatoputamen,  and  the  participation  of  such  neurons  in  the  accumbcns 
efferents  was  investigated.  Regions  in  the  basal  forebrain  and  mesencephalon  receiving 
accumbens  fibers  were  characterized  morphologically,  histochcmirally  and  biochemi¬ 
cally,  and  compared  to  regions  receiving  GABA  efferents  from  the  caudatoputamen 
(Papers  I,  VIII,  IX). 

The  results  have  been  described  in  nine  separate  publications: 

I  Fonnum  F,  Walaas  I,  Iversen  E  (1977):  Localization  of  GABAergic.  choli¬ 
nergic  and  aminergic  structures  in  the  mesolimbic  system.  J  Neurochcm 
29,  221-230. 

II  Walaas  I,  Fonnum  F  (1979):  The  effects  of  surgical  and  chemical  lesions 
on  neurotransmittcr  candidates  in  the  nucleus  accumbcns  of  the  rat.  A  'eu¬ 
ro  science  4,  209—216. 

III  Walaas  I  (1981):  Biochemical  evidence  for  overlapping  ncocortical  and 
allocortical  glutamate  projections  to  the  nucleus  accumbcns  and  rostral 
caudatoputamen  in  the  rat  brain.  Neuroscience  6,  399-405. 

IV'  Fonnum  F,  Walaas  I  (1978):  The  effect  of  intrahippocampal  kainic  acid 

injections  and  surgical  lesions  on  neurotransmitters  in  hippocampus  and 
septum.  J  N euro c hem  31,  1173—1181. 

V  Walaas  I,  Fonnum  F  (1980):  Biochemical  evidence  for  glutamate  as  a 
transmitter  in  hippocampal  efferents  to  the  basal  forebrain  and  hypothal¬ 
amus  in  the  rat  brain.  Neuroscience  5,  1691  —  1698. 

VI  Walaas  I,  Fonnum  F  (1978):  The  effect  of  parenteral  glutamate  treatment 
on  the  localization  of  ncurotransmitters  in  the  mediobasal  hypothalamus. 
Brain  Res  153,  549—562. 

VII  Walaas  I  (1981):  The  effects  of  kainic  acid  injections  on  guanylate  cycla¬ 
se  activity  in  the  rat  caudatoputamen,  nucleus  accumbcns  and  septum. 
J  N euro c hem  36,  233—241. 

VIII  W'alaas  I,  Fonnum  F  (1979):  The  distribution  and  origin  of  glutamate 
decarboxylase  and  choline  acctvltransferasc  in  ventral  pallidum  and  other 
basal  forebrain  regions.  Brain  Res  177,  325—336. 

IX  Walaas  I,  Fonnum  F  (1980):  Biochemical  evidence  for  7-aminobutyrate 
containing  fibers  from  the  nucleus  accumbens  to  the  substantia  nigra  and 
ventral  tegmental  area  in  the  rat.  Neuroscience  5,  63—72. 
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Abbreviations  used 

ACh  —  acetylcholine 

AChE  -  acetylcholinesterase 

AAD  —  aromatic  L-amino  acid  decarboxylase 

ASP  -  E-aspartic  acid 

ChAT  -  choline  acetyltransferase 

GABA  -  7-aminobutyric  acid 

GAD  -  L-glutamate  decarboxylase 

GLU  -  L-glutamic  acid 


! 


10 


2  GENERAL  SUMMARY 

The  origin,  distribution  and  density  of  neurons  containing  different  neurotransmittcr 
candidates  have  been  analysed  in  rat  brain  regions  usually  considered  to  belong  to 
either  the  ’limbic  system'  or  to  the  basal  ganglia.  Particular  emphasis  has  been  placed 
on  the  neurons  connected  with  the  nucleus  accumbens  septi,  and  comparisons  have 
been  made  between  the  afferent,  local  and  efferent  neurons  in  this  region  and  those 
in  the  septum  and  caudatoputamen  (neostriatum).  After  surgical  interruption  of  allo- 
cortical  fibers  from  the  hippocampal  formation  running  in  the  fimbria/fornix  bundles, 
specific  decreases  were  seen  in  both  the  activity  of  the  high  affinity  GLU  uptake  and 
in  the  concentration  of  endogenous  GLU  in  the  lateral  septum,  the  nucleus  accum¬ 
bens,  the  rostral  diagonal  band  nucleus,  the  bed  nucleus  of  the  stria  terminalis,  the 
mediobasal  hypothalamus,  and  the  mammillary  body.  Similar  results  were  also  found 
in  the  lateral  septum  after  specific  chemical  destruction  of  pyramidal  cells  in  the 
hippocampal  formation  by  means  of  local  kainic  acid  injection.  Thus,  most  of  those 
allocortical  excitatory  fibers  from  the  hippocampal  formation  which  run  in  the  fornix 
bundle  appear  to  use  GLU  as  neurotransmitter. 

The  origin  and  distribution  of  GLU  fibers  in  different  parts  of  the  nucleus  accumbens 
and  the  caudatoputamen  were  further  compared.  Fibers  from  the  frontal  neocortex 
were  found  in  all  parts  of  the  caudatoputamen  and  the  nucleus  accumbens,  while 
fibers  from  the  caudal  neocortex  were  found  in  the  dorsal  caudatoputamen  only. 
Allocortical  fibers  disrupted  by  fornix  lesions  were  seen  in  the  ipsilatcral  nucleus 
accumbens  and  the  ventral  caudatoputamen.  Thus,  the  nucleus  accumbens  and  the 
ventral  caudatoputamen  are  innervated  by  both  neocortical  and  allocortical  GLU  fi¬ 
bers,  while  the  dorsal  caudatoputamen  is  reached  by  neocortical  GLU  fibers  only. 

Monoamine  fibers  were  studied  by  analysis  of  aromatic  L-amino  acid  decarboxylase 
(AAD)  activity.  High  density  of  such  fibers  was  seen  in  the  caudatoputamen,  nucleus 
accumbens  and  olfactory  tubercle,  with  considerably  lower  density  in  the  septum.  A 
decrease  in  AAD  activity  in  all  forebrain  regions  after  brain  hcmitranscclions  confirm¬ 
ed  that  these  fibers  are  ascending.  High  AAD  activity  was  also  found  in  the  mesen¬ 
cephalic  ventral  tegmental  area  and  the  substantia  nigra,  pars  compacta,  which  consti¬ 
tute  the  origins  of  the  major  ascending  dopaminergic  systems,  and  in  the  hypothala¬ 
mic  median  eminence  and  arcuate  nucleus,  regions  with  a  local  dopamine  neuronal 
system. 

Microinjection  of  kainic  acid  into  the  hippocampus  or  the  nucleus  accumbens  led  to 
extensive  destruction  of  local  neurons  without  affecting  afferent  projections.  Systemic 
administration  of  GLU  to  newborn  animals  induced  similar  local  neuronal  necrosis  in 
the  hypothalamic  arcuate  nucleus.  By  these  techniques,  local  cholinergic  neurons  as 
measured  by  choline  acetyltransferase  (ChAT)  activity  were  found  to  be  highly  con¬ 
centrated  in  the  caudatoputamen,  nucleus  accumbens  and  probably  also  in  the  olfac¬ 
tory  tubercle.  Lower  density  of  such  neurons  was  found  in  the  septum,  and  the  latter 
were  insensitive  to  local  kainate  injections.  In  the  hypothalamus,  ACh  neurons,  proba¬ 
bly  originating  in  the  arcuate  nucleus,  were  concentrated  in  the  median  eminence. 
Local  GABA  neurons,  analysed  by  glutamate  decarboxylase  (GAD)  activity  measure¬ 
ments,  were  highly  concentrated  in  the  lateral  septum,  dorsal  olfactory  tubercle  and 
nucleus  accumbens,  with  lower  density  found  in  the  caudatoputamen.  The  median 
eminence  contained  only  few  GABA  terminals,  but  some  of  them  appeared  to  belong 
to  a  local,  tubero-infundibular  system. 

Kainate  injections  were  also  used  to  analyse  the  cellular  localization  of  guanylatc 
cyclase,  an  enzyme  suggested  to  be  involved  in  ACh  or  GLU  transmission.  This 
enzyme  was  highly  concentrated  in  local  neurons  in  the  nucleus  accumbens  and 
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caudatoputamen,  while  the  intermediate  activity  in  the  septum  was  insensitive  to 
kainate. 

Finally,  the  descending  efferent  projections  from  the  nucleus  accumbens  were  analy¬ 
sed.  A  major  GABA  projection  was  found  to  terminate  in  the  rostral  substantia 
innominata  and,  less  importantly,  in  the  ventral  globus  pallidus.  The  characteristics  of 
the  substantia  innominata  supported  the  designation  of  this  region  as  a  ’ventral  palli¬ 
dum’.  A  significant  GABA  pathway  was  also  found  to  terminate  in  the  rostromedial 
substantia  nigra.  These  projections  further  support  the  ’’striatal”  nature  of  the  nucleus 
accumbens.  In  contrast,  only  a  small  number  of  GABA  terminals  were  destroyed  in  a 
restricted  part  of  the  ventral  tegmental  area  after  accumbens  lesions.  Thus,  no  major 
’feed-back’  GABA  pathway  was  identified  in  the  mesolimbic  system. 


3  DISCUSSION  OF  METHODS 
3.1  Dissection  of  samples 

The  present  study  has  tried  to  identify  neurotransmitter  mechanisms  by  either  corre¬ 
lating  the  distribution  of  neurochemical  markers  with  the  distribution  of  specific 
neuronal  populations,  or  by  following  the  changes  in  these  markers  induced  by  de¬ 
generation  of  different  neurons  (Fonnum  1975a,  Storm-Mathisen  1977a).  In  principle, 
sufficiently  sensitive  assay  methods  should  allow  neurochemical  studies  on  very  small 
populations  of  neurons.  Histochemical,  particularly  immunocytochemical  methods  are 
presently  the  most  sensitive  and  specific  tools  for  such  studies  (Hokfelt  et  al  1980). 
However,  these  methods  are  not  generally  available  for  the  study  of  small-molecular 
weight  compounds,  and  they  also  do  not  give  quantitative  results.  This  study  has 
therefore  used  chemical  analysis  of  microdissected  samples,  following  anatomical  de¬ 
scriptions  of  the  neuronal  populations.  In  detailed  distribution  studies  of  small  regi¬ 
ons,  microdissection  on  freeze-dried  sections  was  employed  (Lowry  1953).  This  ap¬ 
proach  allows  analysis  of  submicrogram  samples  (eg  Paper  IX),  but  precludes  study 
of  labile  activities  such  as  uptake  mechanism.  However,  it  allows  simultaneous  inspec¬ 
tion  of  the  experimental  sample  and  morphological  controls  in  the  dissection  micro¬ 
scope,  and  facilitates  later  dissection  of  fresh  tissue  slices  or  microwave-inactivated 
brain  tissue.  Furthermore,  the  present  work  has  consistently  studied  samples  with 
’normal’  anatomical  outlines,  in  contrast  to  the  widely  used  ’punching’  technique 
(Palkovits  1973).  The  advantage  of  this  approach  was  particularly  evident  in  the 
hypothalamus  and  mesencephalon  (Papers  I,  VII,  IX). 


3.2  Lcsioning  techniques 

Most  nerve  fiber  projections  in  the  brain  terminate  in  a  very  precise  and  restricted 
pattern  The  small,  restricted  lesions  used  by  anatomists  to  induce  anterograde  de¬ 
generation  therefore  usually  do  not  lead  to  measurable  chemical  changes  in  the  samp¬ 
les  analysed  by  neurochemists,  except  in  certain  cases,  eg  the  septohippocampal  and 
striatonigral  projections  (Fonnum  et  al  1974,  Lewis  et  al  1967).  Surgical  interruption 
of  projections  must  therefore  include  most  of  the  fibers  under  study  (Storm-Mathisen 
1977a),  which  introduces  problems  of  specificity.  These  lesions,  whether  electrolytic 
or  crude  transections,  will  usually  encroach  upon  other  regions,  destroy  fibers  ’en 
passage’  and  possibly  damage  the  blood  supply  to  different  regions.  I  have  approached 
these  problems  both  by  making  crude  lesions,  eg  brain  hemitransections,  and  analys¬ 
ing  chemical  changes  in  restricted  regions,  and  by  making  more  restricted  lesions  and 
analysing  both  the  target  regions  and  adjacent  nuclei.  Most  of  the  conclusions  drawn 
in  this  work  are  based  on  a  combination  of  these  approaches.  Morphological  controls 
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of  the  surgical  lesions  were  also  carried  out,  either  by  staining  sections  (Paper  VI 11. 
IX),  or  bv  inspecting  the  brains  during  the  sample  preparation.  Other  chemical  activi¬ 
ties  were  also  analysed  in  or  near  the  target  areas,  to  exclude  unspecific  effects. 

Surgical  lesions  are  unable  to  identify  the  local  neurons  present  in  most  brain  regions, 
even  if  retrograde  changes  are  sometimes  observed  (eg  Quik  eta/  1979).  Specific 
neurotoxins  have  been  described  for  monoamine  neurons,  eg  6-hydroxydopamine 
(Ungerstedt  1971),  but  other  specific  toxins  have  not  been  described.  A  major  ad¬ 
vance  in  neurobiologv  was  therefore  made  when  the  lesioning  properties  of  certain 
acidic  amino  acids  were  discovered.  Initial  observations  (Lucas  and  Newhouse  1957) 
demonstrated  that  GLU  when  systcmically  applied  to  newborn  rodents  was  toxic  to 
certain  neurons  in  the  retina.  The  GLU  effects  were  further  explored  in  detail  by 
Olney  and  cow'orkers  (Olney  1974,  1979),  who  showed  that  most  or  all  local  neurom 
were  destroyed  in  those  regions  where  GLU  penetrated  the  blood-brain  barrier,  i  e  the 
hypothalamic  median  eminence  and  arcuate  nucleus.  Afferent  fibers  or  glial  cells  were 
not  destroyed.  The  potent  GLl’-analoguc  kainic  acid  (Olney  et  al  1974)  was  therefore 
tested  in  the  caudatoputamen,  and  similar  results  were  seen,  i  e  a  destruction  of  local 
neurons,  no  major  effects  on  afferent  fibers,  and  a  reactive  gliosis  (Coyle  and 
Schwarcz  1976,  McGeer  and  McGcer  1976,  1978,  Schwarcz  and  Coyle  1977).  The 
mechanism  of  action  of  this  compound  remains  undefined  (Nadlcr  1979),  the  effect 
seems  to  be  linked  to  intact  excitatory  inputs  (McGeer  et  al  1978)  which  however 
mas  use  different  transmitters  (Nadler  1981 ).  Guanosinc  3',3’-monophosphate  (cyclic 
GMP)  has  also  been  suggested  as  an  intermediary  in  the  effect  (Honegger  and 
Richclson  1977). 

We  extended  the  results  from  caudatoputamen  to  the  hippocampus,  chosen  because 
of  its  well-defined  transmitter  chemistry  (Storm-Mathisen  1977a)  which  is  very  diffe¬ 
rent  from  that  of  the  basal  ganglia  regions  (Paper  IV)-  After  infusion  of  high  doses  of 
kainate  into  the  hippocampus  we  observed  similar  results,  i  e  no  effect  on  neuro¬ 
chemical  or  histochemical  markers  for  afferent  fibers,  but  substantial  decreases  in 
markers  for  local  neurons.  Similar  results  were  reported  simultaneously  (Schwarcz 
et  al  1978).  Morphological  controls  indicated  little  or  no  damage  to  other  brain  regi¬ 
ons  (Paper  IV').  This  was  surprising,  as  later  studies  have  shown  that  kainate,  especial¬ 
ly  when  injected  into  the  hippocampus,  usually  induces  major  necrotic  changes  in 
both  adjacent  and  remote  brain  regions  (Wurthclc  et  al  1978.  Xaczck  et  al  1980). 
Thus,  both  the  subiculum,  cntorhinal  cortex  and  contralateral  hippocampus  have  been 
reported  to  be  affected  by  this  treatment,  in  contrast  to  our  results.  Similarly,  the 
piriform  cortex  is  often  destroyed  by  intrastriatal  kainate  (Xaczck  et  al  1980),  while 
my  injections  of  kainate  into  the  nucleus  accumbens  usually  left  this  cortical  region 
untouched  (Paper  II).  The  reasons  for  these  more  specific  lesions  are  not  clear,  but 
are  probably  a  result  of  my  use  of  diazepam  in  the  anesthetic  used  for  lesioning  the 
animals.  Thus,  both  benzodiazepines  and  long-acting  barbiturates  have  been  reported 
to  prevent  the  remote  effects  of  kainate  without  changing  the  local  toxicitv  (Xaczck 
et  al  1978,  Ben-Ari  et  al  1979). 

In  conclusion,  the  studies  of  kainate  effects  in  nucleus  accumbens,  septum  and  cuudu- 
toputamcn  (Papers  II,  VI)  arc  probably  valid  as  identifications  of  local  transmitter 
mechanisms.  However,  the  effects  on  very  short-axoned  projections  (eg  from  the  bed 
nucleus  of  the  stria  terminalis  to  the  nucleus  accumbens  (Swanson  and  Cowan  1979) 
cannot  be  ascertained  from  these  studies. 
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3.3  Biochemical  methods 

The  identification  of  neurotransmitters  relies  on  the  fulfilment  of  the  criteria  of 
presence,  release  and  identity  of  action  (Werman  1966,  Storm-Mathisen  1977a).  Of 
these,  the  presynaptic  criteria  (presence,  release)  are  crucial  for  the  biochemical  iden¬ 
tification  of  a  transmitter  system,  while  the  postsynaptic  action  is  electro-physiologi- 
cally  defined  (Werman  1966).  Biochemical  studies  on  receptor-binding  or  second  mes¬ 
senger  generation  are  not  conclusive  as  these  activities  may  be  present  outside  the 
relevant  synapses  (Storm-Mathisen  1977a).  The  present  study  has,  however,  used  both 
pre-  and  postsynaptic  activities  to  study  the  characteristics  of  the  regions.  The  pre¬ 
synaptic  markers  include  enzyme  activities,  high  affinity  uptake  systems  and  analysis 
of  endogenous  amino  acids. 

3.3.1  Determination  of  enzyme  activities 

ChAT  is  known  to  be  a  specific  marker  for  cholinergic  neurons,  while  AChE  is  not 
(Fonnum  1975a).  The  methods  used  for  these  enzymes  have  been  developed  in  this 
laboratory  (Fonnum  1969,  1975b),  and  are  known  as  rapid,  simple  and  extremely 
sensitive,  suitable  for  assays  of  submicrogram  samples  (Fonnum  1970,  Storm-Mathisen 
1970).  Triton  X-100  has  always  been  included  in  these  assays,  to  release  occluded 
activity  (Fonnum  1966). 

GAD  is  also  a  specific  marker,  in  this  case  for  GABA  neurons,  with  only  very  low 
activity  found  outside  these  neurons  (Fonnum  and  Storm-Mathisen  1978).  GAD  was 
analysed  with  a  C02-trapping  micromethod  (Fonnum  et  al  1970).  The  possibility  of 
non-GAD  C02  production  from  GLU  was  controlled  by  inclusion  of  Triton  X-100  in 
the  incubation  medium  (MacDonnell  and  Greengard  1975). 

AAD  is  concentrated  in  both  dopamine,  noradrenaline  and  serotonin  neurons,  but  is 
also  present  in  non-neuronal  structures  (Fonnum  1975a,  Kellogg  et  al  1973).  It  is  an 
acceptable  marker  for  monoamines  in  regions  with  high  activity,  eg,  substantia  nigra, 
caudatoputamen,  while  results  from  regions  with  low  enzyme  activity  must  be  evalu¬ 
ated  more  carefully.  The  analytical  technique  used  was  based  on  liquid  cation  ex¬ 
change  (Broch  and  Fonnum  1972),  similar  to  the  ChAT  method. 

Carnitine  acetyltransferase  is  known  as  a  mitochondrial  enzyme  (McCaman  et  al 
1966),  and  was  analysed  both  as  a  subcellular  marker  (Paper  II)  and  as  a  general 
tissue  marker  (Paper  VI)  with  a  liquid  cation-exchange  technique  (Sterri  and  Fonnum 
1980).  5  -nucleotidase  is  known  as  a  membrane  marker,  possibly  concentrated  in  glial 
cells  (Kreutzberg  et  al  1978),  and  was  assayed  by  a  sensitive  radioenzymatic  method 
(Avruch  and  Wallach  1971). 

Guanylatc  cyclase  was  analysed  by  a  radioenzymatic  method  based  on  that  described 
by  Krishna  and  Krishnan  (1975).  Due  to  the  controversy  described  in  Paper  VI,  this 
activity  was  characterized  in  more  detail  by  the  use  of  activators  and  extraction 
procedures,  and  by  identification  of  the  product  by  chromatography  and  by  treat¬ 
ment  with  phosphodiesterase  (Paper  VI).  Some  experiments  were  also  done  with 
[3H)-GTP  as  substrate  and  an  alumina-anion  exchange  purification  technique  (Mao 
and  Guidotti  1974).  This  method  was  less  sensitive,  but  gave  the  same  subcellular  and 
topographical  distribution  as  that  found  with  the  method  based  on  [a-3JP]GTP  (un¬ 
published).  The  specific  activities  found  in  the  soluble  fractions  were  higher  than 
those  reported  by  other  workers  (Hofmann  et  al  1977).  The  reason  for  this  is  un¬ 
known,  but  large  variations  in  brain  guanylate  cyclase  activity  have  previously  been 
presented  in  separate  publications  by  the  same  investigator  (Bartfai  et  al  1978, 
Tjomhammar  et  al  1979).  The  enzyme  is  therefore  probably  sensitive  to  a  number  of 
unidentified  factors. 


14 


3.3.2  Acidic  amino  acids 

The  lack  of  specific,  sensitive  markers  for  the  excitatory  amino  acid  transmitter 
candidates  was  a  major  obstacle  in  the  investigation  of  the  role  these  compounds 
played  in  the  brain  (review,  Davidson  1976).  The  demonstration  of  a  sodium-depend¬ 
ent,  high  affinity  uptake  of  GLU  and  aspartate  (ASP)  into  nerve  terminals  (Logan  and 
Snyder  1971)  was  a  major  step  forward.  However,  the  lack  of  discrimination  be¬ 
tween  GLU  and  ASP,  and  between  other  similar  compunds  (Balcar  and  Johnston 
1972),  made  it  clear  that  additional  parameters  would  have  to  be  studied.  A  seminal 
paper  from  Snyder  and  coworkers  (Young  et  al  1974)  indicated  that  analysis  of  free 
amino  acids  might  be  combined  with  uptake  analysis  in  studies  on  putative  GLU  or 
ASP  fibers.  Later  studies  supported  this  strongly  (t)ivac  ct  al  1977,  McGecr  ct  al 
1977a,  Kim  ct  al  1977,  Storm-Mathisen  19771)).  This  approach  was  therefore  adopted 
(review,  Fonnum  et  al,  1979,  see,  however  Cotman  ct  al  1981). 

Amino  acid  analysis  was  initially  done  (Papers  11,  IV,  VII)  with  a  double  isotope 
dansyl-chloride  technique  (Karlscn  and  Fonnum  1976).  The  samples  were  dissected 
from  animals  killed  by  focussed  microwave  irradiation  of  the  brain,  a  technique 
developed  to  minimize  post-mortem  changes  in  labile  compunds  (Guidotti  ct  al  1974). 
Such  changes  are  known  to  afflict  GABA  (Alderman  and  Shcllcnbcrger  1974.  Balcom 
ct  al  1975),  but  not  GLU  (Balcom  ct  al  1976).  However,  the  mediobasal  hypothala¬ 
mus  and  basal  forebrain  were  difficult  to  dissect  after  this  procedure,  and  rapid 
cooling  and  freezedry  ing  of  the  samples  were  adopted  for  a  later  study  (Paper  V),  in 
which  an  automic  amino  acid  analyser  was  used  for  quantitation.  Results  from  nu¬ 
cleus  accumbens  and  septum  were  comparable  when  analysed  with  cither  of  the  two 
methods  (Papers  II,  IV,  V). 

High  affinity  uptake  mechanisms  were  studied  in  sucrose  homogenates  containing 
nerve  terminals  (Fonnum  ct  al  1979).  Experiments  showed  that  the  accumulation  of 
l1  H|  L-GLU  in  this  preparation  occured  into  synaptosomes,  and  was  linear  with 
amount  of  tissue  (Paper  II).  Thus,  further  purification  of  the  nerve  terminals  {eg 
McGecr  ct  al,  1977a,  Xaczck  ct  al,  1979)  was  deemed  unnecessary.  Lesion-induced 
changes  in  this  uptake  have  been  shown  to  represent  changes  in  the  number  of  uptake 
sites  and  not  in  the  affinity  for  the  substrate,  in  a  number  of  systems  (Young  ct  al 
1974,  Storm-Mathisen  1978,  Xaczek  dal  1979).  The  question  of  homo-exchange  of 
labelled  GLU  with  the  intracellular  GLU  (Levi  and  Raitcri  1974)  is  not  important  in 
this  context,  as  my  studies  were  aimed  only  at  studying  the  number  of  uptake  sites 
present.  However,  the  possibility  of  different  putative  GLU  nerve  terminals  having 
different  affinity  of  GLU,  as  has  been  found  for  GABA  (Storm-Mathisen  1975)  and 
suggested  for  GLU  in  hippocampus  (Storm-Mathisen  1978),  is  important.  Thus,  the 
regional  distribution  of  the  uptake  may  not  necessarily  indicate  the  true  density  of 
GLU  or  ASP  terminals  (sec,  eg  Paper  III).  Also,  the  GLU  uptake  into  glial  cells 
(Henn  et  al  1974)  may  have  a  regional  variation  (Schousboc  and  Divac  1979).  How¬ 
ever,  this  glial  uptake  does  not  appear  to  interfere  significantly  in  my  uptake  condi¬ 
tions  (Fonnum  ct  al  1979). 


4  GENERAL  DISCUSSION 

4.1  Characteristics  of  the  nucleus  accumbens 

Most  early  workers  related  the  nucleus  accumbens  to  the  basal  ganglia  (Aricns 
Kappcrs  and  Thcunisscn  1907).  particularly  as  a  part  of  the  "olfactostriatum” 
(Herrick  1926).  The  exact  relationships  of  the  region  remained  unknown,  however, 
until  inputs  from  the  hippocampal  formation  and  stria  tcrminalis  were  demonstrated 
(Fox  1943,  Raisman  ct  al  1966,  dc  Oimos  and  Ingram  1972).  These  results  linked  the 
nucleus  closely  with  the  "limbic  system".  The  cytoarchitcctonics  of  the  nucleus  were 
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described  in  different  species  (eg  frum  mouse  to  elephant)  (Koikegami  et  al  1967), 
and  reported  to  be  similar  to  those  of  the  caudatoputamen  (Wilson  1972).  The 
nucleus  began  to  attract  major  interest,  however,  only  after  the  dense  dopaminergic 
innervation  of  the  nucleus,  originating  in  the  socalled  A10  cells  in  the  mesencephalic 
ventral  tegmental  area  was  reported  (Anden  et  al  1966,  Ungerstedt  1971).  The  simul¬ 
taneously  developed  ’’dopamine  theory  of  schizophrenia”,  i  e  that  psychotic  symp¬ 
toms  in  amphetamine-induced  psychosis  and  possibly  in  schizophrenia  occured  toget¬ 
her  with  hyperactivity  in  dopaminergic  neurotransmission  (Snyder  1973,  Hokfelt  et  al 
1974),  led  to  a  great  interest  in  the  so-called  mesolimbic  dopamine  systems,  particu¬ 
larly  that  of  the  AlO-nucleus  accumbens  fibers  (reviews,  Costa  and  Gessa  1977). 
Other  anatomical  characteristics  were  soon  described,  particularly  the  efferent  projec¬ 
tions  to  the  substantia  innominata  (Wilson  1972,  Williams  et  al  1977,  Nauta  et  al 
1978),  and  to  the  globus  pallidus,  the  ventral  tegmental  area  and  the  substantia  nigra 
(Swanson  and  Cowan  1975,  Conrad  and  Pfaff  1976,  Nauta  et  al  1978).  The  nucleus 
was  therefore  reclassified  (Heimer  and  Wilson  1975)  as  being  a  part  of  the  ’’ventral 
striatum”,  innervated  by  the  limbic  cortex  but  projecting  most  densely  to  basal 
ganglia-related  regions  (Heimer  1978). 


4.2  Neurochemical  characteristics 

4.2.1  Introduction 

When  this  study  was  initiated,  several  neuronal  links  had  been  chemically  defined  in 
the  basal  ganglia  (reviews,  Brownstein  1979,  Fonnum  and  Walaas  1979).  Initial  work 
was  therefore  aimed  at  a  comparison  between  the  nucleus  accumbens,  the  olfactory 
tubercle,  the  septum  and  the  caudatoputamen.  Striking  similarities  were  seen  in  the 
densities  of  the  monoamine,  ACh  and  GABA  systems  in  the  nucleus  accumbens  and 
olfactory  tubercle  when  compared  with  the  caudatoputamen.  No  evidence  for  a  de¬ 
scending  GABA  projection  from  these  regions  to  the  A  10-cells  was  found,  however,  in 
contrast  to  the  major  striatonigral  GABA  tract  (Paj)er  I).  Thus,  biochemical  differen¬ 
ces  appeared  to  exist  between  the  region. 

4.2.2  Cortical  fibers 

Preliminary  reports  indicating  that  GLU  could  be  transmitter  of  the  excitatory  corti- 
costriatal  (l)ivac  et  al  1977,  McGeer  et  al  1977a,  Kim  et  al  1977)  and  hippocamposep- 
tal  fibers  (Storm-Mathiscn  and  Opsahl  1978)  led  to  further  studies  on  nucleus  accum¬ 
bens  and  septum.  Active  high  affinity  GLU  uptake  was  found  in  both  regions,  and  a 
detailed  study  in  nucleus  accumbens  showed  that  this  activity  appeared  to  be  locali¬ 
zed  in  certain  nerve  terminals  (Paper  II).  Further,  lesions  which  involved  the  fornix 
were  able  to  decrease  the  activity  in  the  ipsilatcral  nucleus  accumbens.  Similarly, 
fornix  transections  and  destructions  of  hippocampal  neurons  with  kainic  acid  decreas¬ 
ed  the  GLU  uptake  in  the  lateral  septum,  while  the  medial  septum  was  unaffected 
(Paper  IV).  Amino  acid  analysis  after  these  lesions  showed  that  GLU  was  the  only 
free  amino  acid  which  decreased  in  concentration  after  the  lesion  (Papers  II,  IV,  V). 
Thus,  the  reductions  in  GLU  uptake  were  apparently  a  result  of  degeneration  of 
GLU,  as  opposed  to  ASP  terminals  (Fonnum  et  al  1979). 

These  results  all  conformed  to  the  anatomical  studies  which  were  published  while  this 
work  was  in  progress  (Swanson  and  Cowan  1977,  Meibach  and  Siegel  1977).  Thus, 
the  fibers  to  nucleus  accumbens  were  shown  to  arise  in  the  subicular  part  of  the 
hippocampal  formation  and  to  travel  through  the  fimbria  to  the  ipsilateral  nucleus 
accumbens,  while  most  of  the  fibers  to  the  lateral  septum  arose  in  the  hippocampus 
proper  and  terminated  on  both  sides  of  the  lateral,  but  not  the  medial  septum. 
Further,  all  these  fibers  were  reported  to  be  excitatory  (McLennan  and  Miller  1974, 
DcFrancc  and  Yoshihara  1975). 


The  suggestion  that  GLU  might  be  the  major  transmitter  in  the  allocortical  fibers  to 
the  nucleus  accumbens  and  septum  has  later  been  supported  by  other  workers  which 
have  employed  both  similar  surgical/chemical  lesions  (Zaczek  et  al  1979,  Wood  eta! 
1979)  and  total  hippocampal  extirpations  (Nitsch  et  al  1979).  Therefore,  the  high 
affinity  GLU  uptake  was  used  in  a  study  of  the  distribution  of  different  corticofugal 
fibers  in  the  rostral  caudatoputamen  and  nucleus  accumbens  (Paper  III).  Surprisingly, 
also  the  ventral  caudatoputamen  had  some  GLU-accumulating  terminals  destroyed  by 
a  fornixlesion,  and  only  the  dorsal  caudatoputamen  appeared  to  be  connected  only 
with  the  neocortex.  Similarly,  the  nucleus  accumbens  was  found  to  be  innervated 
from  the  ipsilateral  frontal  cortex.  Anatomical  studies  support  the  latter  findings 
(Bcckstead  1979),  while  the  proposed  fornix  fibers  to  the  ventral  caudatoputamen  arc 
unconfirmed  (Swanson  and  Cowan  1977). 

The  combined  amino  acid  and  GLU  uptake  analysis  was  also  used  in  a  study  on  other 
fibers  in  the  fornix  bundle  to  the  basal  forebrain  and  hypothalamus  (Paper  V).  The 
previously  suggested  GLU  fibers  to  the  mammillary  body  (Storm-Mathisen  and  Opsahl 
1978,  Nitsch  et  al  1979)  were  confirmed.  In  addition,  inputs  to  the  anterior  diagonal 
band  nucleus,  the  bed  nucleus  of  the  stria  terminalis  and  the  mediobasal  hypothala¬ 
mus,  all  probably  arising  in  the  subiculum  (Chronistcr  et  al  1976,  Swanson  and 
Cowan  1977)  were  identified  as  possible  GLU  projections  (Paper  V).  However,  the 
lesions  also  encroached  upon  the  stria  terminalis,  and  the  possible  contribution  of  this 
fiber  bundle  to  the  observed  decrease  in  GLU  uptake  and  concentration  in  the  stria 
terminalis  nucleus  and  mediobasal  hypothalamus  (de  Olmos  and  Ingram  1972)  re¬ 
mains  to  be  defined.  It  is,  however,  clear  that  the  GLl’  system  in  the  hypothalamus  is 
extrinsic,  as  a  hypothalamic  deafferentation  has  been  reported  to  decrease  the  GLU 
concentration  in  hypothalamus  considerably  (Racagni  et  al  1981). 

4.2.3  Local  neurons  in  GLU-innervated  regions 

The  demonstration  of  a  specific  neurotoxic  action  of  kainic  and  glutamic  acid,  which 
were  suggested  to  destroy  only  neurons  intrinsic  to  the  regions  treated  with  the 
neurotoxins  (Coyle  and  Schwarcz  1976,  McGeer  and  McGccr  1976),  led  to  a  study  of 
the  effects  of  kainic  acid  in  the  hippocampus  (Paper  IV).  The  results  supported  the 
claims  for  specificity  and  toxicity  of  kainate  actions.  Phis  neurotoxin  was  therefore 
used  in  the  nucleus  accumbens,  septum  and  caudatoputamen  (Paper  II,  VI)  and  the 
results  compared  to  previous  reports  from  the  caudatoputamen  (Schwarcz  and  Coyle 

1977,  McGeer  and  McGeer  1978).  Most,  and  probably  all  cholinergic  terminals  in  the 
nucleus  accumbens  and  caudatoputamen  were  found  to  belong  to  local,  kainate- 
sensitive  neurons,  while  the  moderate  amount  of  such  fibers  in  the  septum  probably 
arrives  partly  from  the  diagonal  band  (Kmson  1978)  and  partly  belong  to  local, 
kainate-insensitive  cells  in  the  medial  septum  (Malthc-Sorcnsscn  et  al  1980).  Thus,  the 
cholinergic  system  in  nucleus  accumbens  and  caudatoputamen  was  clearly  different 
from  that  in  the  septum. 

In  contrast,  all  regions  had  apparently  only  local  GABA  cells.  These  were  most 
concentrated  in  the  lateral  septum,  dorsal  olfactory  tubercle  and  nucleus  accumbens 
(Papers  I,  IV),  and  most  of  them  disappeared  in  all  regions  after  local  kainate  injec¬ 
tions  (Papers  II,  VI).  Thus,  intrinsic  GABA  neurons  arc  present  in  both  the  nucleus 
accumbens,  septum  and  caudatoputamen. 

A  decrease  in  the  GLU  uptake  in  nucleus  accumbens  was  also  observed  after  local 
kainate  injection  (Paper  II).  Thus,  some  intrinsic  GLU -cells  may  exist  in  this  region. 
However,  it  appears  more  likely  that  the  kainate-sensitive  GLU  fibers  in  the  nucleus 
arc  derived  from  neighbouring  cortical  regions  destroyed  by  kainate  (Wurthelc  et  al 

1978,  Zaczek  et  al  1980). 


A  functional  link  between  cholinergic  or  GLU  neurotransmission  and  cyclic  GMP 
synthesis  has  been  proposed  from  studies  in  both  the  peripheral  and  central  nervous 
systems  (review,  Greengard  1978,  Ferrendelli  1978).  The  distribution  of  guanylate 
cyclase  was  therefore  also  analysed  (Paper  VI).  The  enzyme  was  found  in  both  parti¬ 
culate  and  soluble  fractions  in  both  the  nucleus  accumbens,  caudatoputamen  and 
septum,  with  particularly  intense  soluble  activity  in  the  nucleus  accumbens  and  cauda¬ 
toputamen.  The  particulate  enzyme  was  evenly  distributed  in  all  regions.  Contrary  to 
the  results  of  other  workers  (Tjornhammar  et  al,  1979)  both  enzyme  forms  were 
kainate-sensitive  in  the  caudatoputamen  and  nucleus  accumbens,  but  not  in  the  sep¬ 
tum.  Thus,  this  ’’second  messenger”  system  also  emphasizes  the  similarities  between 
the  nucleus  accumbens  and  the  caudatoputamen. 

The  mediobasal  hypothalamus  has  also  a  well-defined  dopamine  system,  with  cell 
bodies  located  in  the  arcuate  nucleus  and  terminals  in  the  median  eminence  and 
pituitary  (Lindvall  and  Bjorklund  1978).  The  organization  of  ACh  and  GABA  neurons 
is  less  well  known,  however  (Brownstein  et  al  1976).  As  nucleus  arcuatus  and  its 
fibers  to  the  median  eminence  are  the  major  targets  of  systemically  administered  GLU 
(Olney  1979),  the  neurochemical  results  of  this  lesions  were  analysed  (Paper  VII). 
Initial  studies  identified  a  cholinergic  system,  probably  originating  in  the  arcuate 
nucleus  and  terminating  in  the  median  eminence  (Karlsen  et  al  1977)  similarly  to  the 
results  of  Carson  et  al  (1977).  AChE-staining  was  also  seen  on  arcuate  neurons  and  in 
the  median  eminence,  findings  which  also  were  confirmed  by  Carson  et  al  (1978).  In 
our  material,  the  stain  disappeared  in  the  GLU-lesioned  animals.  This  was  also  observ¬ 
ed  by  others  in  the  arcuate  nucleus,  but  apparently  not  in  the  median  eminence 
(Carson  et  al,  1978). 

Similarly,  a  decrease  in  GAD  was  seen  in  the  median  eminence  after  GLU-treatment, 
indicating  either  a  small  tuberoinfundibular  GABA  system  from  the  arcuate  nucleus, 
or  some  intrinsic  GABA  cells  in  the  median  eminence.  GABA  terminals  have  later 
been  demonstrated  in  the  median  eminence  by  autoradiography  (Tappaz  et  als,  1980), 
and  the  decrease  in  GAD  following  GLU  treatment  has  been  confirmed  by  some 
(  Tappaz  et  al,  1981)  but  not  by  other  workers  (Nemeroff  et  al  1977).  The  dissection 
procedure  seems  crucial  in  this  respect  (Paper  VII).  In  conclusion,  GABA  terminals 
arc  probably  present  in  the  hypothalamic-pituitary  interface,  where  they  may  play 
important  functional  roles  (Racagni  et  al,  1981,  Olnev  and  Price  1981). 

In  contrast  to  the  ACh  and  GABA  markers,  no  effects  were  seen  in  the  markers  used 
for  the  local  dopamine  cells,  ie  AAD  activity  and  high  affinity  uptake  of  dopamine. 
These  results  arc  not  conclusive,  however,  as  AAD  is  an  unspecific  marker  (section 
8.3.1),  and  the  uptake  studies  were  done  on  more  crudely  dissected  samples.  Also,  a 
recent  study  has  questioned  the  very  existence  of  high  affinity  dopamine  uptake  in 
the  median  eminence  (Demurest  and  Moore  1979),  even  if  this  activity  had  been  used 
with  apparent  success  as  a  marker  by  others  in  this  region  (Cuello  et  al  1973).  Thus, 
the  question  of  dopamine  neurons  and  GLU  toxicity  in  the  arcuate  nucleus  should  be 
reinvestigated  with  more  specific  methods.  Indeed,  other  workers  have  reported  a 
decrease  in  tyrosine  hydroxylase  in  the  arcuate  nucleus  and  median  eminence  after 
administration  of  very  high  GLU  doses  (Nemeroff  et  al  1977). 

4.3  Nucleus  accumbens  efferents 
4.3.1  Projections  to  the  basal  forebrain 

The  major  efferent  projection  of  the  nucleus  accumbens  was  first  identified  by  Wilson 
(1972)  to  terminate  in  the  rostral  substantia  innominate.  The  characteristics  and  even 
the  outline  of  this  region  were  until  then  largely  unknown,  but  it  was  soon  character- 
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ized  as  a  ’ventral  pallidum’  (Heimer  and  Wilson  1975,  Heimcr  1978).  Simultaneous 
studies  by  us  (Paper  I)  showed  that  this  region  had  the  highest  density  of  GABA 
terminals  in  the  rat  brain.  In  a  more  detailed  study  (Paper  VIII),  more  than  50%  of 
these  GABA  fibers  were  found  to  be  destroyed  after  accumbens  destructions.  A  less 
impressive  GABA  projection  was  also  found  to  terminate  in  the  anteroventral  globus 
pallidus.  Our  results  thus  confirmed  the  detailed  anatomical  mapping  of  the  accum¬ 
bens  efferents  published  by  Nauta  et  al  (1978),  and  the  physiological  studies  of  Dray 
and  Oakley  (1978)  and  Jones  and  Mogenson  (1980a). The  importance  of  these  GABA 
projections  has  not  been  defined,  but  they  appear  to  be  involved  in  locomotion 
(Pycock  and  Horton  1976,  Jones  and  Mogenson  1980b,  Mogenson  et  al  1980). 

Our  results  thus  supported  the  concept  of  a  ’ventral  pallidum’  represented  by  the 
rostral  part  of  the  substantia  innominata  in  the  rat  brain  (Swanson  1976).  This  region 
can  apparently  be  histochemically  defined  by  iron  staining  with  Perl’s  method  (Hill 
and  Switzer  1979).  By  this  method,  the  region  is  seen  to  extend  rostrally  as  fingerlike 
extensions,  each  of  which  is  ’capped’  by  one  of  the  insulae  Callcjae  (Hill  and  Switzer 
1979).  Our  results  appear  to  support  this,  as  we  also  found  high  GAD  activity  and 
low  AChE  staining  in  the  region  rostral  to  the  commissura  anterior  and  situated 
between  the  nucleus  accumbens  and  the  olfactory  tubercle  (Papers  I,  VIII).  These 
results  on  GAD  were  also  confirmed  and  extended  by  Okada  et  al  (1977). 

4.3.2  Projections  to  the  mesencephalon 

The  caudatoputamen  is  known  to  send  a  major  projection  to  the  substantia  nigra 
(Grofova  and  Rinvik  1970).  These  fibers  were  early  demonstrated  to  be  inhibitory 
(Yoshida  and  Precht  1971,  Precht  and  Yoshida  1971),  probably  GABAergic  (Kim 
et  al  1971,  Fonnum  et  al  1974),  and  surmised  to  represent  feed-back  fibers  respon¬ 
sible  for  regulating  the  activity  of  the  nigrostriatal  dopamine  neurons  (Anden  et  al 
1964,  Anden  and  Stock  1973,  Cattabeni  et  al  1979,  Bunney  and  Aghajanian  1978). 
The  possibility  of  a  similar  ’mesolimbic’  feed-back  system  therefore  attracted  great 
interest  as  a  possible  link  in  the  neuronal  system  which  was  believed  to  be  involved  in 
psychotic  phenomena  (Stevens  1979).  We  therefore  compared  the  A10  region  with 
the  substantia  nigra,  and  found  that  the  major  difference  consisted  of  a  low  density 
of  GABA  terminals  in  the  A10  region,  while  the  substantia  nigra,  pars  reticulata 
displayed  a  very  dense  population  of  such  fibers  (Paper  I).  Furthermore,  no  evidence 
for  a  GABA  projection  from  the  forebrain  to  the  A10  region  could  be  found  after 
lesions  which  both  transected  the  striatonigral  GABA  fibers  in  the  capsula  interna  and 
the  ascending  monoamine  fibers  in  the  medial  forebrain  bundle.  Similar  results  were 
reported  by  McGeer  et  al  (1977b).  Thus,  the  transmitter  of  the  accumbens- 
mesencephalic  projection  (Swanson  and  Cowan  1975,  Conrad  and  Pfaff  1976)  remain¬ 
ed  unknown. 

However,  later  reports  stated  that  most  of  the  striatonigral  GABA  fibers  probably  did 
not  represent  feed-back  fibers,  and  that  they  rather  might  constitute  an  output  sys¬ 
tem  (Arbuthnott  1978,  Scheel-Kruger  et  al  1977,  Di  Chiara  et  al  1979)  which  probab¬ 
ly  terminated  in  the  pars  reticulata  on  interneurons  and  output  neurons  projecting  to 
the  tectum,  thalamus  or  reticular  substance  (Domesick  1977.  Nauta  and  Domesick 
1979,  Grace  and  Bunney  1979,  Waszczak  et  al,  1980).  Nauta  and  coworkcrs  (Nauta 
et  al  1978)  demonstrated  that  this  also  might  be  the  case  for  the  accumbens  projec¬ 
tion,  which  terminated  most  densely  in  the  substantia  nigra,  not  in  the  A10  region. 
Usunoff  et  al  (1979)  confirmed  this  at  the  electron  microscopic  level.  Wc  therefore 
reinvestigated  the  distribution  of  GAD  in  the  mesencephalon  after  electrolytic  des¬ 
tructions  of  the  nucleus  accumbens  (Paper  IX),  and  found  that  a  considerable  number 
of  GABA  terminals  had  disappeared  in  the  rostromedial  substantia  nigra  after  this 
lesion.  About  half  of  the  nigral  GABA  terminals  in  this  restricted  region  appeared  to 
originate  in  the  nucleus  accumbens.  However,  the  GABA  fibers  in  the  rest  of  the 
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substantia  nigra  were  unaffected,  which  explains  the  previously  negative  findings  of 
Dray  and  Oakley  (1978). 

Thus,  a  descending  accumbens  GABA  projection  terminates  in  a  nigral  region  with 
few  or  no  dopamine  cells  projecting  back  to  the  nucleus  accumbens  (Nauta  et  al 

1978) .  This  GABA  projection  might  therefore  be  a  part  of  the  striatonigral  GABA 
output  pathway  (Paper  IX).  The  question  of  a  feed-back  projection  to  the  dopamine 
neurons  was  still  unsolved,  however,  as  both  physiological  and  neurochemical  studies 
had  presented  evidence  for  such  a  pathway  to  the  AlO-cells  (Wolf  et  al  1978,  Wad- 
dington  and  Cross  1978).  Our  new  results  again  demonstrated  much  lower  density  of 
GABA  terminals  in  the  A10  region  than  in  the  substantia  nigra.  Furthermore,  no 
change  was  seen  in  GAD  in  the  caudal  A10  after  accumbens  lesions  (Paper  IX),  and 
only  a  small  decrease  in  GAD  was  seen  in  the  rostral  A10.  The  demonstration  of  a 
GABA-mediated  inhibition  from  nucleus  accumbens  to  some  A10  dopamine  cells 
which  projected  back  to  nucleus  accumbens  was  therefore  surprising  (Yim  and  Mogen- 
son  1980).  The  A10  region  has  recently  been  shown  to  be  more  complex  than 
originally  believed,  with  a  multitude  of  different  inputs  converging  on  the  local  cells 
(Phillipson  1979).  My  studies  of  the  region,  performed  with  precise  microdissection 
and  extensive  morphological  controls  (Papers  I,  IX),  do  not  exclude  that  some  of 
these  inputs  could  be  GABAergic,  but  indicate  that  such  projections  must  be  quanti¬ 
tatively  very  small  compared  to  the  striatonigral  and  accumbens  nigral  ’’output” 
GABA  pathways. 

Other  neuronal  systems  not  analysed  in  the  present  study  are  also  present  in  the  basal 
ganglia-mesencephalic  circuits,  and  some  will  be  briefly  mentioned.  Substance  P-fibers 
are  present  in  the  striatonigral  projection  (Brownstein  et  al  1977,  Jessell  et  al  1978), 
and  these  fibers  do  apparently  terminate  on  both  dopamine  and  non-dopamine  cells 
(Michclot  et  al  1979).  No  such  fibers  have  been  seen  in  the  accumbens  efferents 
(Kanazawa  et  al  1980).  Substance  P  in  the  A10  region  is  derived  from  the  habenula, 
not  from  the  basal  ganglia  (Cuello  et  al  1978).  The  distribution  of  the  cholinergic 
system  (Paper  I)  is  in  general  agreement  with  other  workers,  ie  extremely  dense  in 
the  interpeduncular  nucleus,  and  very  sparse  in  the  substantia  nigra  (Kataoka  et  al 
1973,  Fonnum  et  al  1974).  No  change  was  observed  in  this  transmitter  after  rostral 
hcmitranscctions,  in  contrast  to  a  recent  study  which  suggested  that  part  of  ChAT  in 
the  interpeduncular  nucleus  derives  from  the  diagonal  band  region  (Gottesfeld  and 
Jacobowitz  1978).  However,  the  bilateral  termination  of  the  fasciculus  retroflexus  in 
the  interpeduncular  nucleus  (Herkcnham  and  Nauta  1979)  may  have  obscured  small 
changes.  Also,  some  of  our  lesions  may  have  spared  the  initial,  ventral  part  of  the 
stria  mcdullaris  which  convey  the  fibers  from  the  diagonal  band  (Swanson  and  Cowan 

1979) .  However,  the  results  in  Paper  I  still  indicate  that  most  of  the  ACh  fibers  in  the 
interpeduncular  nucleus  originate  in  regions  caudal  to  the  globus  pallidus,  eg,  in  the 
habenula  (Kataoka  et  al  1973,  Cuello  et  al  1978). 

In  conclusion,  the  present  study  has  demonstrated  that  the  major  cortical  input  to 
the  limbic  forebrain  nuclei,  among  them  the  nucleus  accumbens,  appears  to  be  GLU 
fibers  coming  through  the  fornix  similar  to  the  innervation  of  other  limbic  and 
hypothalamic  nuclei.  However,  the  nucleus  accumbens  also  shares  a  neocortical  GLU 
projection  with  the  caudatoputanien.  The  local  transmitter  systems  and  neurochemical 
characteristics  of  nucleus  accumbens  are  strikingly  similar  to  those  in  the  caudato- 
putamen,  and  the  major  GABA  efferent  are  also  organized  similar  to,  but  not  identi¬ 
cal  with,  the  output  from  the  caudatoputamen.  Thus,  this  study  supports  the  sugges¬ 
ted  dual  limbic-basal  ganglia  role  of  the  nucleus  accumbens. 
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Abstract— The  localization  of  cholinergic.  GABAergic  and  aminergic  structures  in  the  mesolimbic' 
system  has  been  discussed  from  studies  on  the  topographical  distribution  of  choline  acetyltransferase. 
glutamate  decarboxylase  and  aromatic  amino  acid  decarboxylase  in  normal  rat  brain  and  in  brains 
hemitransected  at  the  level  of  globus  pallidus.  The  structures  analysed  included  nucleus  accumbens. 
olfactory  tubercle,  septum,  medial  forebrain  bundle,  striatum,  substantia  nigra,  ventral  tegmental  area 
and  nucleus  interpeduncularis. 

Choline  acetyltranferase  was  highly  concentrated  in  the  nucleus  interpeduncularis.  but  it  did  also 
exhibit  considerable  activity  in  the  nucleus  accumbens,  the  olfactory  tubercle  and  the  striatum.  The 
activities  did  not  change  after  hemitransection.  Aromatic  amino  acid  decarboxylase  was  highly  concen¬ 
trated  in  the  ventral  tegmental  area,  but  high  activities  were  also  found  in  the  striatum,  the  nucleus 
accumbens.  the  olfactory  tubercle  and  the  pars  compacts  of  the  substantia  nigra.  The  activity  decreased 
in  all  areas  rostral  to  the  hemitransection.  Glutamate  decarboxylase  was  highly  concentrated  in  the 
dopamine  innervated  regions,  moreso  in  the  limbic  structures  than  in  the  striatum.  Much  higher  activity 
was  found  in  the  substantia  nigra  than  in  the  ventral  tegmental  area.  After  hemitransection  the  activity 
in  the  substantia  nigra  was  decreased  whereas  in  the  ventral  tegmental  area  it  was  unchanged.  Our 
results  thus  suggest  that  dopaminergic  cells  in  the  ventral  tegmental  area  do  not  receive  GABAergic 
fibres  from  the  terminal  regions  of  the  ascending  dopaminergic  fibres.  In  addition,  we  found  a  very 
high  concentration  of  glutamate  decarboxylase  in  a  region  traversed  by  the  rostral  medial  forebrain 
bundle.  Here  the  activity  was  mainly  confined  to  the  paniculate  fraction,  probably  the  synaptosomes. 
This  fraction  also  displayed  a  very  active  high  affinity  uptake  of  y-aminobutyric  acid. 


It  has  been  shown  that  two  of  the  major  dopaminer¬ 
gic  fibre  systems  in  mammalian  brain,  the  nigrostria- 
tal  and  the  'mesolimbic'.  display  several  strikingly 
similar  features.  They  both  originate  in  the  mesence¬ 
phalon.  where  the  fibres  to  striatum  arise  from  the 
pars  compacts  of  the  substantia  nigra  fthe  socalled 
A9  cell  group),  and  the  fibres  to  the  nucleus 
accumbens,  the  olfactory  tubercle  and  the  septum 
arise  from  the  ventral  tegmental  area  of  Tsai,  which 
corresponds  to  the  A10  cell  group  (AndDn  et  at.,  1964; 
DahlstrAm  &  Fuxe,  1964;  Ungerstedt,  1971 ;  Lind- 
vall  &  Bj6rklund,  1974;  Simon  et  at.,  1976).  The 
neostriatum  and  the  above  mentioned  limbic  regions 
have  similar  composition  of  transmitter  candidates. 
They  contain  a  high  level  of  acetylcholinesterase 
(AChE,  EC  3.1. 1.7)  (Jacobowitz  &  Palkovits,  1974), 
choline  acetyltransferase  (ChAT,  EC  2.3. 1.6)  (Palko- 
vits  et  at.,  1974;  KataGka  et  at.,  1975),  and  further¬ 
more  the  dopamine  receptors  in  striatum  and  nucleus 
accumbens  behave  similarly  with  respect  to  synthesis 
of  cyclic  AMP  (Clement-Cormier  et  at..  1974).  Neur- 
•iMiysiological  studies  indicate  that  both  dopamine 
im  I  .  -aminobutyric  acid  (GABA)  are  inhibitory  trans- 

. . .  in  these  regions  (Woodruff  et  at.,  1976). 

i  illy,  also  the  efferent  connections  of  the  above- 
i>.  nlioned  regions  show  some  similarities.  Thus  the 


inhibitory  GABAergic  fibres  which  terminate  in  the 
substantia  nigra  arise  in  the  nucleus  caudatus 
putamen  and/or  globus  pallidus  (Fonnum  et  at..  1974; 
Hattori  et  at.,  1973;  Kim  et  at.,  1971;  Precht  A 
Yoshida,  1971),  while  the  nucleus  accumbens  projects 
to  the  ventral  tegmental  area  and  the  substantia  nigra 
(Conrad  A  Pfaff,  1976;  Swanson  &  Cowan,  1975). 
The  transmitter  in  this  pathway,  however,  remains 
unknown. 

The  aim  of  the  present  investigation  was  to  com¬ 
pare  the  localization  of  neurotransmitters  in  the  sub¬ 
stantia  nigra,  in  the  neostriatum  and  in  some  ‘meso¬ 
limbic'  structures,  e.g.  the  nucleus  accumbens.  the 
olfactory  tubercle,  the  septum,  the  nucleus  interpe¬ 
duncularis,  and  the  ventral  tegmental  area.  The  topo¬ 
graphical  distribution  of  glutamate  decarboxylase 
(GAD,  EC'4.1.1.15)  and  ChAT  in  these  regions  was 
therefore  studied  in  microdissected  freeze-dried 
samples  from  normal  brains,  and  from  unoperated 
and  operated  sides  of  rat  brains  which  had  been  hemi¬ 
transected  at  the  level  of  the  globus  pallidus  As  the 
distribution  of  the  ascending  aminergic  fibres  are 
strictly  ipsilateral  (Lindvall  A  BjGriclund.  1974; 
Ungerstedt,  1971),  aromatic  amino  acid  decarboxy¬ 
lase  (AAD,  EC  4.1.1.26)  was  studied  in  operated 
brains  using  the  unoperated  side  as  control.  These 
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studies  allowed  a  more  detailed  mapping  of  the  distri¬ 
bution  than  those  reported  by  other  workers 
(Kataoka  et  at.,  1975;  Palkovits  et  at.,  1974,  Tappaz 
et  at.,  1976).  In  the  operated  brains,  a  decrease  in 
enzyme  activities  was  taken  as  evidence  of  degener¬ 
ation  of  ascending  or  descending  fibres  containing  the 
respective  transmitters.  During  this  study,  we  made 
the  interesting  observation  that  parts  of  the  region 
traversed  by  the  rostral  medial  forebrain  bundle 
(MFB)  contained  a  very  high  level  of  GAD  which 
merited  further  investigation.  Part  of  this  work  has 
been  presented  in  a  preliminary  form  (Fonnum  et  at., 
in  press  (d)). 

MATERIALS  AND  METHODS 

Surgical  operation.  Albino  rats  of  both  sexes  weighing 
1 50-250  g  were  anaesthetised  by  administration  i.p.  with 
Nembutal  Vet  (Abbott)  or  Hypnorm  Vet  (Janssen  Pharm. 
Comp.)  A  transverse  cut  was  made  in  the  left  part  of  the 
skull  0.5-1  mm  in  front  of  the  bregma,  the  dura  mater  was 
split  with  a  scalpel  and  a  hemitransection  of  the  brain 
was  performed  with  a  blunt  spatula  placed  at  90°  to  the 
skull  surface.  The  transection  went  from  the  midline  and 
4-5  mm  laterally,  and  in  most  cases  passed  through  the 
brain  at  the  level  of  the  rostral  part  of  the  globus  pallidus, 
thus  interrupting  all  ascending  and  descending  fibres  at 
this  level  (Ungerstedt,  1971;  Conrad  &  Pfaff,  1976; 
Fonnum  et  at.,  1974;  Lindvall  &  Bjorklund,  1974). 

Tissue  preparation.  Normal  and  operated  animals  were 
killed  by  decapitation,  the  lesioned  animals  6-14  days  after 
operation.  The  brain  was  rapidly  removed  and  frozen  on 
a  microtome  chuck  with  a  CO,  jet,  and  40  pm  serial  sec¬ 
tions  from  the  telencephalic  and  mesencephalic  regions 
under  study  were  cut  in  a  cryostate  at  about  -  16°C.  The 
sections  were  freeze-dried  and  collected  as  previously  de¬ 
scribed  (Fonnum  et  at.,  1970).  At  regular  intervals  sections 
were  collected  on  microscopic  slides,  allowed  to  dry  and 
stained  with  methylene  blue  or  for  AChE  as  described  by 
Storm-Mathisen  (1970).  During  the  preparation  of  the 
sections,  the  hemitransection  was  examined  under  the 
microscope 

Dissection.  Corresponding  freeze-dried  and  stained  sec¬ 
tions  were  compared  simultaneously  under  a  stereo  micro¬ 
scope.  The  different  regions  were  identified  from  the  atlas 
of  K6nig  &  Klippel  (1963)  and  the  parts  to  be  analysed 
were  dissected  by  the  use  of  razor  blade  splints  and 
weighed  on  a  fish-pole  quartz  fibre  balance  (Fonnum  et 
at.,  1970).  In  the  telencephalon,  we  used  sections  from  the 
level  A  9400-A  8400  (KOnig  &  Klippel,  1963)  to  dissect 
the  olfactory  tubercle,  the  nucleus  accumbens,  the  septum 
and  the  striatum  (Fig.  I).  The  olfactory  tubercle  was 
divided  in  two  parts;  a  ventral  part  containing  the  olfac¬ 
tory  tubercle  proper  and  a  dorsal  part  being  contaminated 
by  the  islands  of  Calleja  and  perhaps  by  some  fibres  from 
the  MFB. 

The  nucleus  accumbens  was  divided  into  a  medial  and 
a  lateral  part  by  placing  a  vertical  cut  at  the  ventral  tip 
of  the  lateral  ventricle.  The  sample  from  septum  was  taken 
from  the  area  adjacent  to  the  medial  boundary  of  the  nu¬ 
cleus  accumbens  Samples  from  striatum  were  taken  out 
as  indicated  in  Fig.  1 

Samples  from  the  region  traversed  by  MFB  were  in¬ 
itially  dissected  from  sections  between  A  8400  and  A  7900. 
Later  this  region  was  studied  m  sections  from  unoperated 


brains  running  from  A  9500  to  A  5900  (Fig.  2),  and  particu¬ 
lar  emphasis  was  placed  on  the  sections  at  A  7200,  where 
samples  from  lateral  and  medial  preoptic  area,  nucleus 
tractus  diagonalis  and  MFB  could  be  distinguished  (Fig. 

3). 

For  suboellular  fractionation  and  uptake  studies  samples 
from  norma]  brains  were  used.  Striatum,  globus  pallidus 
and  MFB  were  dissected  out  from  300  pm  sections  pre¬ 
pared  by  a  Sorvall  tissue  chopper  at  levels  between  A  7600 
and  A  6700.  For  MFB  a  sample  corresponding  to  samples 
3  and  4  in  Fig.  3  was  dissected. 

In  mesencephalon  structures  were  dissected  at  level 
A  2000- A  1500  as  indicated  in  Fig  4.  The  ventral  tegmen¬ 
tal  area  was  divided  in  three  parts,  the  ventral,  middle 
and  dorsal.  Substantia  nigra  was  divided  into  pars  com- 
pacta  and  pan  reticulata. 

Biochemical  methods.  DL-3,4-Dihydroxy[2-“C]phenyla- 
lanine,  L-[l-14C]glutamic  acid  and  [l-uC]acetyl-CoA 
were  obtained  from  the  Radiochemical  Centre,  Amersham; 
[2,3-3H(N)]y-amino-butyric  acid  was  from  New  England 
Nuclear,  Boston. 

ChAT  was  assayed  according  to  Fonnum  (1975).  GAD 
was  determined  by  the  method  of  Albers  &  Brady  (1959) 


Fto.  2.  Localization  of  samples  taken  out  for  analysis  of 
medial  forebrain  bundle  (MFB)  in  rostrocaudal  direction. 
Drawinp  modified  after  KOnig  &  Klippel  (1963).  Abbre¬ 
viations;  CC  -  corpus  callosum;  vl  -  lateral  ventricle; 
cp  -  nucleus  caudatus;  a  -  nucleus  accumbens;  tu  - 
tuberculum  olfactorium;  pi  -  cortex  piriformis; 
TOL  -  tractus  olfactorius  lateralis;  se  -  septum; 
CA  -  commissure  anterior;  st  -  nucleus  interstitialis 
striae  terminalis;  pom  -  medial  preoptic  area;  pol  -  la¬ 
teral  preoptic  area;  td  -  nucleus  tractus  diagonalis; 
F  -  fornix;  CO  -  chiasms  opticum;  ha  -  nucleus  anter¬ 
ior  hypothalami;  vlll  -  third  ventricle. 


Flo.  1.  Right  side:  Section  from  A  8620  (K.6nicj  &  Kuppel.  I%3|  stained  for  AChE.  Left  side:  Localiza¬ 
tion  of  dissected  samples  Abbreviations:  cp  -  nucleus  caudatus  putamen:  am  =  nucleus  accumbens, 
medial  part;  al  =  nucleus  accumbens.  lateral  part;  sc  -  septal  sample;  tuv  =  tubcrculum  olfactorium, 
ventral  part;  tud  =  tuberculum  olfactorium.  dorsal  part;  CA  =  commissura  anterior;  CC  =  corpus  cal¬ 
losum;  TOL  =  tractus  olfactorius  lateralis. 


Fig.  4.  Left  side:  Section  from  A  1800  (KQnig  &  Klippel,  1963)  stained  for  AChE.  Right  side:  Localiza¬ 
tion  of  dissected  samples.  Abbreviations:  CS  -  colliculus  superior;  cgm  =  corpus  geniculatum  mediate 
sgc  —  substantia  grisea  centralis;  r  «  nucleus  ruber;  LM  -  lemniscus  medialis;  hi  »  hippocampus 
ip  —  nucleus  interpeduncularis;  vta  =  ventral  tegmental  area;  snc  =  substantia  nigra,  pars  comp acta 
snr  =  substantia  nigra,  pars  reticulata;  CC  =  crus  cerebri. 
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Kit.  Localization  of  samples  dissected  For  study  of 
medial  forebrain  bundle  (MFB)  in  the  frontal  plane.  Draw¬ 
ing  modified  after  Konig  &  Kuppel  (1963).  !-6:  Samples 
dissected.  Abbrewations:  CAI  —  capsula  interna;  else  as 
in  Fig.  2. 


as  described  by  Henke  &  Fonni  m  (1976),  except  that  the 
incubation  temperature  was  37  C.  In  samples  dissected 
from  fresh  tissue  (Table  31.  the  final  glutamate  concen¬ 
tration  was  reduced  to  10  mM  and  the  absolute  activity 
found  cannot  be  compared  directly  with  those  in  Tables 
3  and  4  AAD  was  assayed  as  described  by  Broch  &  Fon¬ 
ni  m  (1972)  using  Kalignost  extraction  (Fonnum,  1969). 
The  final  concentration  of  l-DOPA  was  0.3  mM.  Protein 
was  determined  as  described  by  Lowry  et  al.  (1951). 

High  affinity  uptake  was  studied  in  normal  brain. 
Samples  were  dissected  from  wet  tissue  and  homogenized 
at  SIX)  rev  min  in  a  glass  Teflon  homogenizer  in  100  gal 
0.32  M-sucrose  (Fonnum  et  al,  1970).  10  j<l  of  the  homo¬ 
genate  ( 5  30  ng  protein)  were  added1  directly  to  0.5  ml  oxy¬ 
genated  incubation  medium,  which  consisted  of 
15  mM-Tris  HCI  buffer.  pH  7  4,  140mM-NaCl  5mM-KCI. 
1.2  mM-CaClj.  l.2mM-MgSO,.  1.2  mM-Naj-HPO,, 
pH  7  4.  and  lOmM-D-glucose  The  tissue  was  preincubated 
for  3  min  in  a  shaking  incubator  at  25°C.  and  the  uptake 
started  by  addition  of  radioactive  GABA  (final  concen¬ 
tration  I  s  10  '  mi  The  incubation  was  stopped  after 
three  minutes  by  rapid  filtration  through  Millipore  filters 
(0.45  /im  pore  size),  followed  by  washing  with  0.9°,,  NaCl. 
The  radioactivity  was  extracted  in  I0°„  Triton  X-100  and 
after  addition  of  scinl  illant.  counted  in  a  scintillation 
counter  Blanks  were  run  similarly  but  using  a  sodium  free 
incubation  medium,  where  280  mM-sucrose  and  1.2  mM- 
Tris  phosphate  buffer  had  replaced  the  sodium  chloride 
and  sodium  phosphate. 

The  proportion  of  particulate  GAD  in  normal  brain  was 
determined  on  samples  dissected  and  homogenized  as  for 
high  affinity  uptake'  The  homogenate  was  centrifuged  at 
I70txig  for  I  h  GAD  and  protein  was  compared  in  super¬ 
natant  and  pellet 

RESULTS 

7  elencephalon 

The  AAD  activity  (Table  I)  was  highly  concen¬ 
trated  in  the  striatum,  the  nucleus  accumbens  and 
the  ventral  part  of  the  olfactory  tubercle.  In  the 
medial  part  of  nucleus  accumbens.  reported  to  con¬ 
tain  more  cells  (Powut  &  Leman,  1976)  and  staining 
more  intensely  for  AChE  (Fig.  I),  we  found  a  signifi- 
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cantly  higher  level  of  activity  than  in  the  lateral  part 
(P  <  0.001 1  A  high  level  of  activity  was  also  found 
in  the  region  of  the  rostral  MFB.  After  hemisection. 
the  enzyme  activity  on  the  lestoned  side  decreased 
in  all  regions  studied  (Table  1),  due  to  the  degener¬ 
ation  of  the  rostral  parts  of  the  ascending  ammergic 
fibres.  In  striatum,  nucleus  accumbens  and  olfactory 
tubercle,  the  AAD-activity  of  the  lesion  side  was 
reduced  more  than  50°o. 

The  ChAT  activity  (Table  2)  was  found  to  be  very 
high  in  all  regions  examined,  particularly  in  structures 
known  to  contain  a  high  level  of  dopamine  (striatum, 
nucleus  accumbens  and  olfactory  tubercle).  The 
medial  part  of  nucleus  accumbens  again  contained 
a  higher  activity  than  the  lateral  part.  Hemisection 
of  the  brain  did  not  significantly  reduce  the  activity 
in  any  of  the  structures  studied  (Table  2). 

AChE-staining  of  the  telencephalon  (Fig.  1)  resulted 
in  a  picture  comparable  to  that  described  by  Jaco- 
BOWITZ  &  Palkovits  (1974).  The  highest  AChE  ac¬ 
tivity  was  located  in  the  medial  nucleus  accumbens 
and  the  ventral  olfactory  tubercle,  in  good  agreement 
with  the  high  ChAT  activity  found  in  these  structures. 
AChE-staining  did  not  change  after  hemitransection. 

The  GAD  activity  (Table  3)  was  high  in  all  limbic 
structures,  particularly  the  medial  part  of  nucleus 
accumbens.  olfactory  tubercle  and  septum.  There  was 
no  loss  of  activity  after  hemitransection.  The  activity 
in  the  region  of  the  rostral  MFB,  however,  was  very 
impressive,  being  comparable  to  the  activity  of  the 
pars  reticulata  of  the  substantia  nigra,  which  hitherto 
has  been  acknowledged  to  be  the  region  with  the 
highest  GAD  activity  in  mammalian  brain  (Albers 
&  Brady.  1959;  Fonnum  et  al..  1974;  Tappaz  et  al, 
1976).  A  rostrocaudal  survey  of  GAD  in  the  MFB- 
region  (Fig.  2)  disclosed  that  this  activity  peaked  in 
the  sections  between  A  7900  and  A  7000  (Fig.  5).  Here 
the  MF  B  emerging  from  the  lateral  hypothalamus, 
traverses  the  lateral  preoptic  area.  and.  passing  the 
commissura  anterior,  enters  the  socalled  substantia 
innominata.  In  the  middle  of  this  region,  the  GAD 
distribution  in  the  frontal  plane  was  further  analysed 
(Fig  3).  The  activity  was  found  to  be  concentrated 
in  a  region  immediately  ventral  to  the  commissura 
anterior,  and  to  be  clearly  separated  from  the  nucleus 
tractus  diagonalis.  the  nucleus  interstitialis  striae  ter- 
minalis  and  the  medial  preoptic  area,  all  of  which 
also  contained  high  GAD  activites  (Table  4).  Dissec¬ 
tion  of  samples  from  fresh  tissue  confirmed  that  the 
GAD  activity  and  GABA  uptake  were  comparable 
to  those  in  substantia  nigra  and  higher  than  in  globus 
pallidus  (Table  5).  Homogenisation  and  subsequent 
centrifugation  of  a  sample  from  this  region  (parts  3 
and  4.  Fig.  3)  demonstrated  most  of  the  enzyme  to 
be  focalized  in  the  particulate  fraction  (Table  5). 

Mesencephalon 

AAD  was  found  to  display  a  high  activity  in  the 
middle  and  dorsal  parts  of  the  ventral  tegmental  area 
whereas  a  significantly  lower  activity  was  found  in 
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Table  1.  Regional  distribution  of  aromatic  amino  acid  decarboxylase  in  normal  and  transfcted 

SIDE  OF  RAT  BRAIN 


Aromatic  ammo  acid  decarboxylase 
Unoperated  Transected 

Region  Omol/h/g  dry  wt)  (Percent  of  normal  brain) 


Olfactory  tubercle  V 

10.2  ±  2.2  (7,2) 

37  ±  7(13,8)* 

Olfactory  tubercle  D 

4.4  ±  10(4,2) 

50  +  7  (2,2)* 

N.  Accumbens  medial 

16.6  ±  1.2(10,3) 

39  ±  5(11,8)* 

N.  Accumbens  lateral 

10.4  ±0.8(14,3) 

40  ±  6(10,8)* 

Septum 

6.2  ±  0.6  (5.2) 

33  ±3(2,1)* 

Neostriatum 

14.2  ±  1.0(15.3) 

14  ±  3(11,8)* 

Medial  forebrain  bundle 

14.0  ±  26(7,3) 

18  ±  5(2,2)* 

N.  Interpeduncularis 

5.1  ±  0.8(19,7) 

102  ±  12(21.7) 

Ventral  tegmental 

24.4  ±  2.2(10.3) 

86  ±  15(10.3) 

area  D 

Ventral  tegmental 

28.6  ±  4.6(10.3) 

95  ±  18(8.3) 

area  M 

Ventral  tegmental 

13.2  ±  2  6(6.3) 

132  ±  14(7.2) 

area  V 

Substantia  nigra 

15.0  ±  26(5.2) 

99  ±  11(7,2) 

compacta 

Substantia  nigra 

4.0  ±  0.6(19.2) 

74  ±  15(11,7) 

reticulata 


The  results  are  expressed  as  mean  ±  S.E.M.  (number  of  samples,  number  of  animals).  D  =  dorsal. 
M  «*  middle.  V  «  ventral. 

*  Operated  side  significant  different  from  unoperated  side.  P  <  0.05  (Student  r-test). 

Since  we  routinely  measured  the  activity  in  n.  accumbens.  olfactory  tubercle  V  and  neostriatum 
to  examine  the  extent  of  the  lesion  more  data  appear  on  the  transected  side  than  on  the  normal 
side. 


the  ventral  part  of  this  region  (P  <  0.05,  r-test). 
Higher  activity  was  found  in  the  pars  compacta  than 
in  pars  reticulata  of  substantia  nigra,  and  an  inter¬ 
mediate  activity  was  found  in  the  interpeduncular  nu¬ 
cleus  (Table  1).  After  hemisection,  no  statistically  sig¬ 
nificant  changes  occurred  in  any  of  these  regions. 

ChAT  was  highly  concentrated  in  nucleus  interpe- 
duncularis.  The  activity  was  low  in  the  ventral  teg¬ 
mental  area  and  in  substantia  nigra  (Table  2).  The 
dorsal  part  of  the  ventral  tegmental  area  contains 


fibres  belonging  to  the  cholinergic  habenulo-interpe- 
duncular  tract  (Kataoka  el  al.,  1973).  and  this  prob¬ 
ably  accounts  for  the  fact  that  this  region  has  a  sig¬ 
nificantly  (P  <  0.05)  higher  activity  than  the  ventral 
part.  No  significant  changes  occurred  in  these  struc¬ 
tures  after  hemisection  (Table  2). 

AChE-staining  of  the  mesencephalon  (Fig.  4) 
showed  an  intense  staining  of  nucleus  interpeduncu- 
laris  in  agreement  with  the  high  ChAT  activity  also 
present.  The  pars  compacta  of  substantia  nigra  and 


Tabu  2.  Regional  distribution  of  choline  acetyltransferase  in  normal  and  hemitransected  rat  brain 


Region 


Choline  acetyltransferase  activity 
Normal  brain  Operated  brain 

Unoperated  side  Transected  side 

Oimol/h/g  dry  wt)  (Per  cent  of  normal  brain) 


Olfactory  tubercle  V 

96  ±  6(14,4) 

106  ±  9(14,5) 

114  ±  8(10,3) 

Olfactory  tubercle  D 

71  ±  4(7,4) 

109  ±  13(7,4) 

104  ±  22(6.3) 

N.  Accumbens  medial 

84  ±  17(9,3) 

106  ±  6(21,7) 

118  ±  14(14.6) 

N.  Accumbens  lateral 

41  ±  8(8,3) 

120  +  10(21.7) 

117  +  10(13.6) 

Septum 

45  ±  6(11,3) 

112  ±  14  (12.5) 

96  ±  22(8.3) 

Neostriatum 

83  ±  6(7,3) 

98  ±  5(25.6) 

102  ±  9(17.5) 

Medial  forebrain  bundle 

52  ±  9(9,4) 

125  ±  17(11,4) 

117  ±  15(10,4) 

N.  Interpeduncularis 

311  ±  26(5,3) 

109  ±  9(15.5) 

122  ±  10(15.5) 

Ventral  tegmental 

area  D 

18  ±4(8,3) 

91  ±  13(8.4) 

83  ->  14  io  i> 

Ventral  tegmental 

area  M 

10  +  2(1.3) 

110  r  2000.4) 

112  ±  2000.4) 

Ventral  tegmental 

area  V 

7  ±  2(7.3) 

109  ±  28  (8,4) 

103  ±  1 1  (9.4) 

Substantia  nigra 

reticulata  +  compacta 

3  ±  1  (5.3) 

110  ±  25(10,2) 

120  ±  28(9,2) 

The  results  are  expressed  as  mean  ±  s.e.m.  (number  of  samples,  number  of  animals).  Abbreviations  as  in  Table  I. 
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TtBIt  3  Rigional  distribution  ok  glutamate  decarboxylase  in  normal  and  hemitransected  rat  brain 


Glutamate  decarboxylase  activity 

Normal  brain  Unoperated  side  Transected  side 

Region  (/imol/h/g  dry  wt)  (Per  cent  of  normal  brain) 


Olfactory  tubercle  V 

220  ±  21  (9.3) 

103  ±  9(12,51 

120  +  11  (17,4) 

Olfactory  tubercle  D 

274  +  5(9.3) 

108  ±  10(10,5) 

93  ±  8(12,5) 

N.  Accumbcns  medial 

220  +  11(11.3) 

103  +  15(20.5) 

110  +  8(19,5) 

N  Accumbcns  lateral 

163  4-48(9,3) 

88  ±  21(15.3) 

92  ±  10(13,5) 

Septum 

187  ±  6(9,3) 

117  ±  16(12,4) 

112  ±  5(12,3) 

Neostriatum 

90  +  1 1  (9,3) 

114  ±  9(18,5) 

118  +  12(11.4) 

Medial  forebratn  bundle 

600  +  88  (6,2) 

110  +  11(5,3) 

108  +  17(5.3) 

N.  Interpeduncularis 

144  +  10(6.3) 

99  +  5(18,7) 

%  ±  5(16,5) 

Ventral  tegmental 

area  D 

91  +  8(6.3) 

97  +  8(19,5) 

104  ±  11  (15,5) 

Ventral  tegmental 

area  M 

94  +  8  (6.3) 

96  ±  9(16,5) 

98  ±  12(13,5) 

Ventral  tegmental 

area  V 

103  ±  9(14,5) 

94  +  10(14,5) 

91  +  8(12,7) 

Substantia  nigra 

ret  iculata 

615  +  43(6,3) 

9!  ±  6(39,6) 

19  +  4(30.6)* 

Substantia  nigra 

compacta 

234  ±  41  (4,3) 

109  ±  12(19,3) 

57  ±  5(13.3)* 

The  results  are  expressed  as  mean  +  S.E.M.  (number  of  samples,  number  of  animals).  Abbreviations  as  in  Table  1. 
*  Significantly  different  from  normal  brain  P  <  0.01  (Student  f-test). 


the  ventral  tegmental  area  displayed  intermediate 
staining,  which  is  in  contrast  to  the  low  CHAT  activity 
in  these  regions  and  further  demonstrates  that  the 
AChE  is  unreliable  as  a  cholinergic  marker  in  this 
region,  in  agreement  with  other  reports  (Fonnum. 
1473(1.  Fonnum  ei  at..  1974). 

Higher  activity  of  GAD  was  found  in  pars  reticu¬ 
lata  than  in  pars  compacta  of  substantia  nigra.  Sub- 


Tabii  4  Distribution  of  GAD  activity  in  the  regioni 
traversed  by  the  medial  forebrain  bundle 


Sample  number 
according  to 

Fig.  3 

GAD  activity 
(gmol/h/g  dry  wt) 

1 

612  ±  32 

2 

715  ±  108 

3 

1042  +  76* 

4 

757  ±  96 

5 

502  ±  46 

6 

508  ±  98 

The  results  are  expressed  as  mean  ±  s.e.m.  and  are  taken 
from  6  8  samples. 

*  Sample  3  significantly  higher  than  the  other  samples 

I P  <  (105) 


stantia  nigra  contained  much  higher  activity  than  any 
part  of  the  ventral  tegmental  area  and  nucleus  inter- 
peduncularis.  Hemisection  was  accompanied  by  a 
dramatic  loss  of  GAD  in  both  parts  of  substantia 


Fig.  5.  Distribution  of  GAD  activity  in  the  MFB  in  rostro- 
caudal  direction.  Each  point  is  the  mean  ±  s.e  m  of  4-14 
analyses  If  less  samples  were  analyzed,  individual  values 
are  given. 


Tabu  5.  Tidal  GAD  activity,  particulate  GAD  activity  and  high  affinity  GABA  uptake  of  homogenate  from 

SOME  REGIONS  RICH  IN  GABA 


Total  GAD  activity 
(gmol/h/g  protein) 

Particulate  GAD  activity 
(Per  cent  of  total) 

GABA  uptake 
(pmol/min/mg  protein) 

Medial 

forebiam  bundle 

715  ±  no 

79  ±  4 

15.2  +  1.2 

Cilohus  palhdus 

361  +  28 

79  +  1 

6.3  ±  1.2 

Striatum 

161  +  32 

79  +  2 

4  3  +  0.5 

Substantia  nigra 

581  +  82 

85  ±  5 

12  1  ±  08 

The  results  .ire  mean  +  se.m  from  3  experiments 
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nigra  on  the  lesioned  side,  but  it  was  without  effect 
on  GAD  activities  in  the  ventral  tegmental  area  or 
in  nucleus  mterpeduncularis  (Table  3). 

DISCUSSION 

In  the  present  report  we  have  studied  the  levels 
of  transmitter  synthesising  enzymes  as  markers  for 
cholinergic.  GABAergic  and  aminergic  structures.  The 
advantage  of  studying  ChAT  and  GAD  instead  of 
ACh  and  GABA  has  been  discussed  elsewhere  (Fon¬ 
num.  1973b).  AAD  is,  however,  involved  in  the  syn¬ 
thesis  of  both  dopamine,  noradrenaline  and  serotonin 
(Kuntzman  el  ai,  1961).  Immunofluorescence  shows, 
however,  particular  intense  staining  of  AAD  in  dopa¬ 
minergic  terminals,  rather  than  in  serotonergic  or 
noradrenergic  neurons  (Hokfelt  el  ai,  1975).  Since 
the  present  study  involves  regions  where  the  level  of 
dopamine  predominates  over  noradrenaline  and  sero¬ 
tonin  (Brownstein  el  ai.  1974;  Horn  et  al.,  1974; 
Saavedra  et  al.,  1974),  the  level  of  AAD  thus  prob¬ 
ably  mainly  reflects  dopaminergic  structures.  It  is  well 
established  that  the  dopaminergic  fibres  are  derived 
from  the  socalled  A9  and  A 10  cell  groups  in  the 
mesencephalon  (Dahlstrom  &  Fuxe,  1964;  Unger- 
stedt.  1971),  and  the  decrease  of  AAD  in  the  telence¬ 
phalon  was  therefore  taken  as  evidence  for  a  success¬ 
ful  lesion.  In  all  operated  animals.  AAD  was  de¬ 
creased  by  more  than  50%  on  the  lesion  side. 

Previous  studies  have  revealed  that  the  nucleus 
accumbens  contains  a  high  concentration  of  dopamine 
(Brownstein  et  al.,  1974;  Horn  et  ai,  1974),  tyrosine 
hydroxylase  (Saavedra  &  Zivin.  1976),  GAD  (Tap- 
Paz  et  al  .  1976)  and  ChAT  (Palkovits  et  al.,  1974). 
These  findings  have  been  substantiated  and  expanded. 
The  highest  concentration  of  AAD,  GAD  and  ChAT 
was  localized  to  the  medial  part,  which  is  particularly 
cell  rich,  of  the  nucleus  (Powell  &  Leman,  1976). 
This  part  also  stained  more  intensely  for  AChE  and 
with  catecholamine  fluorescence  (Jacobowitz  &  Pal¬ 
kovits,  1974).  Neither  ChAT  nor  GAD  changed  sig¬ 
nificantly  after  hemisection,  excluding  the  possibility 
that  these  elements  derived  from  ascending  fibres. 

Also  the  olfactory  tubercle  contains  a  high  level  of 
dopamine  (Brownstein  et  ai.  1974;  Horn  et  ai, 
1974)  and  a  dense  distribution  of  dopaminergic  ter¬ 
minals  (Ungerstedt,  1971).  GAD  and  ChAT  have 
also  been  found  in  considerable  concentrations 
(Kai  aoka  et  ai,  1975;  Palkovits  et  ai.  1974,  Tappaz 
et  ai.  1976).  Whereas  the  highest  level  of  AAD  was 
confined  to  the  ventral  part,  only  moderate  differences 
were  found  for  ChAT  and  for  GAD  slightly  more 
was  found  in  the  dorsal  part.  The  latter  may  be  due 
to  slight  contamination  of  the  dorsal  part  with  the 
MFB  Previous  work  has  suggested  that  the  choliner¬ 
gic  input  to  the  olfactory  tubercle  may  be  derived 
from  cells  in  the  lateral  preoptic  area  (Lewis  & 
Shi  Tf.  I967i  If  a  substantial  part  of  the  cholinergic 
input  had  been  derived  from  this  area,  we  would  have 
expected  to  find  a  substantial  decrease  of  ChAT  in 


the  olfactory  tubercle  since  our  lesion  destroyed  at 
least  the  caudal  part  of  the  preoptic  area. 

The  distribution  of  AAD,  GAD  and  ChAT  have 
been  previously  studied  in  detail  in  neostriatum  (cau- 
datus-putamen)  (Fonnum  et  ai  in  press  (b)).  The  level 
of  AAD  and  ChAT  was  similar  to  the  levels  in  the 
mesolimbicareas,  whereasGAD  was  significantly  lower 
in  the  dorsal  striatal  sample  than  in  the  mesolimbic 
areas.  ChAT  and  GAD  did  not  decrease  after  hemi- 
transection.  The  findings  in  striatum  after  hemitran- 
section  are  in  good  agreement  with  the  suggested 
ascending  dopaminergic  fibres  (A.nden  et  ai,  1964), 
cholinergic  interneurons  (Guyenet  et  ai,  1975; 
McGeer  et  ai.  1974)  and  descending  GABAergic 
fibres  (Kim  et  ai.  1971;  Fonnum  et  ai,  1974,  1977b). 

The  localization  of  ChAT  and  GAD  in  different 
parts  of  septum  have  been  studied  previously  (Palko¬ 
vits  et  ai,  1974;  Tappaz  et  ai,  1976)  We  included 
septum  in  our  study  since  it  also  receives  dopaminer¬ 
gic  fibres  from  the  A10  group  (Lindvall,  1975).  The 
sample  which  included  the  nucleus  of  the  diagonal 
band  and  the  medial  septum  contained  less  AAD  and 
ChAT  activities  than  the  other  regions  examined,  but 
relatively  high  GAD  activity.  Interestingly,  ChAT  and 
GAD.  unlike  AAD.  did  not  decrease  after  hemisec¬ 
tion. 

Several  interesting  results  were  found  in  the 
samples  from  the  rostral  part  of  the  medial  forebrain 
bundle.  This  bundle  consists  in  part  of  serotonergic, 
dopaminergic  and  noradrenergic  fibres  (Moore  et  ai. 
1965;  Ungerstedt,  1971),  and  we  found  a  high  level 
of  AAD  in  the  region,  in  keeping  with  the  role  of 
the  enzyme  in  the  synthesis  of  both  catecholamines 
and  serotonin.  After  hemisection.  the  activity  de¬ 
creased  as  expected.  The  level  of  ChAT  was  inter¬ 
mediate.  in  agreement  with  the  diffuse  AChE  staining. 
Since  ChAT  was  unchanged  after  transection,  there 
are  probably  no  cholinergic  fibres  in  the  bundle.  The 
most  interesting  result  in  this  region,  however,  was 
the  unexpectedly  high  level  of  GAD.  which  in  the 
freeze-dried  sections  was  well  above  the  activity  of 
GAD  in  the  substantia  nigra.  In  the  fresh  tissue  sec¬ 
tions  (Table  5).  the  dissection  encompassed  a  larger 
region,  but  the  activity  was  still  well  above  the  level 
both  in  substantia  nigra  and  in  globus  pallidus. 
regions  with  high  GAD  activity  (Fonnum  et  ai.  in 
press  (b)).  Several  research  groups  have  found  high 
enzyme  activities  in  neighbouring  regions  such  as  the 
lateral  and  medial  preoplic  areas  (Tappaz  et  ai.  1976. 
Kataoka  et  ai,  1975),  or  the  bed  nucleus  of  the  stria 
terminalis  (Bfn-Ari  et  ai,  1976).  These  results  have 
been  confirmed,  but  they  do  not  account  for  the  high 
activity  in  the  MFB.  Our  results  demonstrate  that 
this  maximum  is  located  in  a  region  immediately  ven¬ 
tral  to  the  commissura  anterior  and  traversed  by  the 
MFB  The  most  caudal  part  corresponds  to  the  ros¬ 
tral  part  of  the  lateral  preoptic  area.  This  is  in  agree¬ 
ment  with  the  distribution  of  GABA  in  the  lateral 
hypothalamus,  which  was  found  to  be  highly  concen¬ 
trated  at  the  A  7000  level  (Kimura  &  Kt  kiyama. 
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1975)  The  region  of  high  GAD  activity  is  not  limited 
to  a  single  nucleus  delineated  by  classical  anatomical 
methods  The  closest  may  be  the  substantia  inno- 
inmat.i  which,  however,  is  ill-defined  in  rodents.  The 
latter  region  has  been  suggested  to  represent  the  ven¬ 
tral  part  of  globus  pallidus  (Heimer  &  Wilson,  1975). 
Our  findings  on  the  rostral  part  of  MFB  seem  to  be 
in  agreement  with  such  a  suggestion  since  both  MFB 
and  globus  pallidus  contain  high  GAD  activities, 
active  high  atVmity  uptake  of  GABA  and  moderate 
ChAT  activities  (Table  5:  Fonnum  et  at.,  in  press  (ft)). 
Examination  of  GAD  activity  in  more  rostral  and 
caudal  parts  of  the  MFB  demonstrated  a  distinct  de¬ 
cline  in  activity,  in  agreement  with  Tappaz  et  a I. 
(19761.  who  only  found  an  intermediate  level  of  GAD 
in  the  MFB  dissected  from  hypothalamus.  Thus  the 
high  activity  found  was  probably  not  due  to  MFB 
fibres.  In  agreement  with  this,  no  change  of  activity 
was  found  after  hemitransection.  indicating  that  the 
VIFB  does  not  contain  GABAergic  ascending  fibres. 

In  the  mesencephalon,  the  ventral  tegmental  area 
contains  the  dopaminergic  cell  bodies  which  give  rise 
to  the  mesolimbic'  fibres  (Ungerstedt.  1971:  Bjork- 
n  so  &  Lindv  all.  in  press;  Simon  et  al.  1976).  Since 
the  functional  subgroups  of  these  cells  are  differently 
topographically  organized,  we  divided  the  area  into 
three,  i.c  the  dorsal  part  which  projects  mainly  to 
septum,  the  middle  part  which  mainly  projects  to  nu¬ 
cleus  aecumbcns.  and  the  ventral  part  which  mainly 
projects  to  olfactory  tuberculum  (Bjorklund  & 
Lisin. all.  in  press).  The  three  parts  of  the  ventral 
tegmental  region  did  not  differ  markedly,  particularly 
when  one  remembers  that  the  ventral  sample  also  in¬ 
cluded  the  area  near  the  brain  surface  which  contains 
few  dopaminergic  cells  (Hokeelt  et  al..  1975).  In  the 
substantia  nigra,  as  expected,  we  found  the  dopa¬ 
minergic  cells  to  be  concentrated  in  the  pars  com- 
pacta.  The  ChAT  levels  in  both  these  dopaminergic 
cell  nuclei  were  low  The  GAD  activity,  however,  was 
differently  distributed.  The  activity  in  the  substantia 
nigra  was  5  to  10  times  higher  than  in  the  ventral 
tegmenta!  area  Furthermore,  whereas  the  GAD  level 
on  the  lesioned  side  was  reduced  in  the  substantia 
nigra  after  hemitransection.  the  activity  in  the  ventral 
tegmental  area  was  unchanged  We  therefore  con¬ 
clude  that  the  mesolimbic  dopaminergic  cells  do  not 
receive  a  descending  GABAergic  innervation,  as  do 
the  dopaminergic  cells  in  the  substantia  nigra. 

In  conclusion  there  were  many  similarities  between 
the  distribution  of  GAD.  ChAT  and  AAD  in  the  lim¬ 
bic  and  ncostnalal  structures  examined,  but  there 
were  considerable  differences  in  both  the  origin  as 
well  as  the  level  of  GABAergic  fibres  in  the  two 
regions  containing  dopaminergic  cell  bodies. 
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THE  EFFECTS  OF  SURGICAL  AND  CHEMICAL 
LESIONS  ON  NEUROTRANSMITTER  CANDIDATES 
IN  THE  NUCLEUS  ACCUMBENS  OF  THE  RAT 


1.  Walaas  and  F.  Fonni  m 

Norwegian  Defence  Research  Establishment.  Division  for  Toxicology  Box  25.  N-2007  Kjeller.  Norway 

Abstract  The  origin  of  libers  containing  different  neurotrartsmitter  candidates  in  the  nucleus 
accumhens  of  rat  brain  has  been  studied  with  surgical  and  chemical  lesion  techniques  Destruction 
of  the  medial  lorebram  bundle  decreased  the  activity  of  aromatic  amino  acid  decarboxylase  by  SO 
in  the  nucleus  Cutting  of  the  fornix  or  a  hemitranxection  decreased  (he  high  affinity  uptake  of  glutamate 
hv  45"..  and  the  endogenous  level  of  glutamate  by  TV  .  The  high  affinity  uptake  of  glutamate  was 
concentrated  in  the  synaptosomal  fraction  and  the  decrease  after  the  lesion  was  most  pronounced 
in  ihis  fraction  Restricted  lesions  indicated  that  libers  in  the  limbria  fornix  coming  from  the  subiculum 
were  responsible  for  this  pail  of  the  glutamate  uptake  in  the  nucleus.  Local  injection  of  kaintc  acid 
into  the  nucleus  was  accompanied  by  a  75",.  decrease  in  choline  acetyltransferase  and  a  55",  decrease 
ill  acety  Ich  oh  nest  erase  acliv  Hies,  a  "0"  decrease  in  glutamate  decar  boxy  lase  activ  ily  and  a  60‘  decrease 
in  the  high  affinnv  uptake  of  ,-aminobutyrate.  a  45",,  decrease  in  high  affinity  glutamate  uptake, 
and  no  change  in  aromatic  amino  acid  decarboxylase  activity  Performing  a  lesion  of  the  fornix  after 
katnic  acid  mtection  led  to  an  S5" ,  decrease  in  high  affinity  glutamate  uptake,  without  further  affecting 
the  other  neuronal  markers. 

The  results  indicate  that  all  anunergic  libers  lo  the  nucleus  accumhens  are  ascending  in  the  medial 
forebrain  bundle,  that  the  suhtculum  accumhens  tibet*  are  'glutamergic'.  and  that  the  nucleus  also 
contains  intrinsic  glutamergic  or  aspartergic  cells.  C  holinergic  and  •aminobutyrate-containing  cells 
are  wholly  intrinsic  to  the  nucleus 


Tin  ncct.its  accumhens  septi  has  itt  recent  years 
heen  the  subject  of  a  number  of  morphological  and 
developmental  studies  winch  have  indicated  that  the 
nucleus  and  its  connections  have  characteristics  in 
common  both  with  limbic'  structures  and  with  the 
basal  ganglia  (Hiimik  xV  Wilson.  I97s:  Swanson  & 
Cowan.  Id1?;  c  onkao  xt  Plah.  I9?b;  Poxvttt  Ac 
l.fWAN.  197b.  Wti  hams.  Crossman  &  Si  auk.  1977. 
Lawson.  Max  At  Wii  iiams.  I977i,  Also,  ihe  electro- 
physiological  and  ncurochcmtcal  interactions  between 
several  transmitter  candidates  present  in  (he  nucleus, 
eg.  dopamine,  acetylcholine,  glutamate  and  ;-anuno- 
hutyrie  acid  (CiABAI.  have  attracted  attention  (Woot>- 
ri  it.  Mt  C  ARtTlX  &  Waikir.  1 97b;  McC  ariiix. 
Walkir  Ac  Woodrim.  Id77:  Bariiioi.ini.  id77: 
Covsoio.  Laiov.sk>.  Blanc  hi  &  (im/7.1.  1977.  Mao. 
(.Tunis.  Marco.  Rixiilta  Ac  Cosia.  1  d77 ;  Piriz 
in  la  Mora  &  Ft  xi.  1 977).  However,  except  for  the 
ascending  dopaminergic  lihers  (Lindvau  &  Bjork- 
ii  no.  Id74l  our  knowledge  of  the  natomteal  organi¬ 
zation  of  the  lihers  containing  these  transmitters  is 
still  incomplete 

We  have  previously  shown  that  in  the  rat.  the 
nucleus  contains  high  densities  of  pul.tftve  .iminergtc 
(mostly  dopaminergic  and  serotonergic  (Horn. 
(  t  1 1 1  o  Ac  Mil  1 1  R.  Id74.  Saaxi  ora.  Brovs NsrtiN  Ac 
Pai  komis.  Id74l],  cholinergic  and  (lABAergtc  struc¬ 
tures.  especially  in  the  medial  part  iFcinni  xt.  Wai  aas 

ihhri'i niiiiin\  At  hi  .  .icetv leholmesterase .  C  ItAT.  cho- 
line  aeelxlir.insfx-i.ise  <i  \BA  atninohuivrate 


&  Ivirsin.  |d7" |  It  was  shown  that  a  hemitran- 
seetion  caudal  lo  the  nucleus  destroyed  the  amtnergtc 
libers  which  travel  in  the  medial  forebrain  bundle 
1 1 . t n t > v  -xt  I  &  Bjorm.INI).  Id74:  PaLKOXM  '  >77|. 

but  left  the  eholincrgte  and  (j.ABAergtc  struc¬ 
tures  intact  iFonnixi  et  ai..  Id77i.  In  the  present 
study,  the  precise  origin  of  these  cholinergic. 
CiABAcrgic  and  also  possible  glutamer-  L  avers  has 
heen  investigated  with  surgical  ano  ..  1  lesions. 

A  preliminary  account  of  some  of  •’  cse  icsults  has 
been  given  (Walaas  &  Fonni  m.  Id’7t 

EXPERIMENTAL  PRC  tc  EDI  Rl 

V/att-nu/s 

Katnic  acid  was  front  Sigma  Chemical  Co..  St  Louts. 
ISA  White  Wtstar  rals  of  both  sexes,  weighing 
I’ll  200 g.  were  from  Dyrlaegc  Mollergaard-Hanssens 
Avlslahoratvvrium.  Denmark  R  ad  lochem  icals  were 
obtained  front  New  England  Nuclear.  Boston.  I  S  A  and 
The  Radtochemie.il  Centre.  Amcrsham.  C  K 

/.C’Vll  III  ' 

the  animals  were  anesthetized  with  a  mixture  of  diaze¬ 
pam  and  yhpnorm  icicnn.in  (Janssen  Pharmaeologix-.il 
Co  t  and  placed  in  a  Kopf  stereotaxic  apparatus  The  skull 
was  opened  with  a  denial  dull,  and  known  alTeicnts  lo 
the  nucleus  axcumbenx  I  Dl  Oimos  A-  Inc-rxxi.  14  2  lio 
Imiiiia.  Mivakavxa  &  Nxllo.  1974.  Powtlt  Ac  Lixtxv 
|<)7(,.  Swanson  A:  Cowan.  Id77|  wee  lesioned 

ill  A  /n-nmi-aiisex cinii  was  xlone  with  a  blunt  spatula  at 
the  level  of  the  biegma.  as  previously  described  iEonni  vi 
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et  ai.  1977).  This  lesion  destroyed  all  ipsilateral  ascending 
fibers  to  the  nucleus 

(2)  The  medial  forebrain  bundle  was  cut  b>  lowering  a 
thin  spatula  at  me  level  of  the  bregma  to  the  base  of  the 
brain  1.5  3  mm  lateral  to  the  mid  line  This  lesion  cut 
through  globus  palhdus  and  the  median  forebrain  bundle 
fibers,  but  left  the  fornix  bundle  intact. 

(3)  Fibers  from  the  thalamus  were  destroyed  b>  placing 
an  electrode  insulated  to  the  lip  at  coordinates  A:  4.0. 
L  10.  V  -0.2  (Komg  &  Klipph..  1963).  and  making 
an  electrocoagulation  with  2  mA  for  20  s.  This  led  to  a 
lesion  centered  in  the  parafascicular  and  centromedian 
nuclei 

(4)  The  dorsal  neoeortes  was  removed  on  one  side  m 
suction  down  to  the  white  matter  under  visual  guidance, 
reaching  within  2  3  mm  from  the  frontal  pole  and  includ¬ 
ing  the  whole  angular  cortex. 

(5)  The  caudal  pyriform  cortex  was  exposed  after  remo¬ 
val  of  the  zygomatic  arch  and  ventral  skull  (Powh.l. 
Cowan  &  Raisman.  1965)  and  lesioncd  i»\  suction  under 
visual  guidance  This  lesion  destroyed  the  cortex  between 
the  rhinal  fissure  and  the  base  of  the  brain,  but  left  the 
amygdaloid  nuclei  intact. 

(6)  ‘Fornix  lesion',  which  comprised  the  cingulum 
bundle,  fornix  and  fornix  superior  and  stria  terminalis.  was 
done  with  a  scalpel  2  mm  behind  the  bregma,  lowered 
6  mm  from  the  skull  surface  and  moved  4  mm  from  the 
midline  on  both  sides  (Fig  I).  To  differentiate  between 
the  fiber  bundles  destroyed  b>  this  lesion,  a  series  of  more 
restricted  lesions  were  performed 

(7|  The  cingulum  bundle  was  cut  bilaterally  with  a  scalpel 
just  in  front  of  the  bregma,  lowering  it  5  mm  from  the 
skull  surface  (Fig.  1 ). 

(8)  A  long  parasagittal  lesion  which  comprised  the  stria 
terminalis.  the  lateral  alveus-fimbria  system  and  also  the 
ventral  amvgdalofugal  pathway  was  done  with  a  blunt  can¬ 
nula  lowered  to  the  base  of  the  brain  3  mm  lateral  to  the 
midline,  moved  in  the  sagittal  plane  from  A  l.o  to  A 
6.0,  and  then  laterally  to  the  side  of  the  brain  (Fig  I) 

(9)  A  short  panisinr.::.d  i'imi"'  w.ivh  comprised  the  in¬ 
itial  part  of  the  stria  enmnalis.  the  ventral  amvgdalofugal 
fibers  and  also  a  small  part  of  the  anteroventral  pan  oi 


Ftci  I  Schematic  drawing  showing  site*-  o|  lesions  ol  dil- 
ferent  projections  to  the  nucleus  acctimhcns  as  viewed  from 
above  I,  hemitransection .  6.  fornix  lesion.  ?.  cingulum 
bundle  lesion.  K.  long  parasagittal  lesion  9.  shori  para¬ 
sagittal  lesion  Abbreviations  ACT  .  nucleus  accumhens 
AM.  amygdala.  HI.  hippocampus  S.  subiculum.  ST  stria 
terminalis.  K  fimbria 


the  fimbria,  was  done  with  a  cannula  in  the  same  way. 
but  moving  it  rostral!)  onh  from  A  3  0  to  A  6.0  (Fig  It 

(10)  A  dorsal  parasagittal  lesion  which  comprised  the 
dorsal  stria  terminalis  and  lateral  fimbria  was  done  with 
a  scalpel  2.5  mm  lateral  to  the  midline.  lowered  6  mm  from 
the  skull  surface  and  moved  from  the  level  of  the  bregma 
to  the  level  of  the  lambda,  terminating  4  mm  from  the 
skull  surface  This  lesion  left  the  medial  and  caudal  part 
of  the  hippocampal  formation  intact 

Kama  acid  was  dissolved  in  09"  Na(  I  (4  mg  >-(  and 
the  pH  adiustcd  to  7.2  with  NaOH  A  hole  was  made 
in  the  skull,  a  Hamilton  microsvringc  was  lowered  to  co¬ 
ordinates  A  9  0.  L  1.0.  D:  -  0.9  (Konk.  Sc  ki  ippi  l .  1 96*1 
mo  os  ..|  was  infused  dimv.-  ■  ;  ••  1  (  1  *  !*  re  in  S!  n 
inactions  were  performed  h\  inlusing  09  NaC'l  in  (he 
same  manner  The  kaimc  acid  lesion  was  controlled  on 
sections  from  separate  brains  stained  for  cells  with  Mav- 
Grunwald  Giemsa  stain 

To  studv  the  effect  of  combined  chemical  and  surgical 
lesions,  animals  were  injected  with  kamic  acid,  allowed  to 
recover  for  I  week  and  then  operated  with  a  bilateral 
fornix  lesion 

/  issue  preparation 

For  en:\me  activity  or  uptake  studies,  normal  or  lesioned 
animals  were  decapitated,  the  brain  taken  out  and  cut  in 
4(H)  600 jim  thick  slices  with  a  Sorvall  tissue  chopper  in 
the  cold  room  All  lesions  were  inspected,  and  the  brains 
discarded  tl  necessary  The  nucleus  accumhens.  and.  in  nor¬ 
mal  brains,  the  olfactory  tubercle,  lateral  septum,  caudate 
putamen  (neostriatum)  and  globus  palhdus  were  dissected 
following  the  atlas  of  Kosic,  &  Ki.ippi  l  (1963).  The 
samples  were  homogenized  in  glass  Teflon  homogem/ers 
at  800  rev  mm  in  cold  0.32  m  sucrose  i2".,  w  \)  so  as  to 
preserve  svnaptosomes  iKonm  m.  1970).  kept  on  ice  and 
analyzed  for  uptake  activity  within  30 mm  Kir  at  nl 

analysis,  the  animals  were  killed  h\  microwave  irradiation 
focussed  on  the  skull  for  3  s  (Gt  moi  1 1.  Cm  si  v .  Trahi(- 
<  tit.  Dnm  c  mi.  V\  \N( .  <V  Hvvvkins.  1 9 "4 i  and  the  nucleus 
accumhens  dissected  out  Foi  suhieltuiai  that  uniat  u>n.  one 
nucleus  accumhens  (approx  10 mg  wet  weight)  was  hom¬ 
ogenized  m  0  5  ml  isotonic  sucrose  and  separated  into  a 
IV -pellet  and  mitochondrial.  sMi.iptosomal.  myelin  and 
soluble  fractions  as  previously  descubed  i L  i  ni>  Karims 
A:  !  ossi  m.  1 9“S)  1  he  synaptosomal  marker  (.holme  ace- 
tvltt anslciasc  il  h A  1 .  I  (.  13  1  6)  the  mitochondrial  marker 
carnitine  .uetv Itr.insleiase  (!  (’  2  *  I  the  glutamate 
up' .4.  •  a ”»1  pi oiein  content  were  measured  in  P,  and  all 
fractions 

hi i '•  him  at  tonii \  ■*/' 

l  or  uptake  studies.  5  ul  of  homogenate  were  added  to 
0  5ml  Ins  Krebs  medium,  incubated  with  radioactive 
ligand  for  3mm  at  25  G.  and  the  uptake  terminated  bv 
Millip  ore  filtration  as  previously  described  iFonm  \t  et  til . 
19'")  As  ligand  either  i  -( 2.3-'H  Iglut amatc  (10  '  m|  or 
a  mixture  ol  |  'H  [glutamate  (10  '  vn  and  [l  -l4(  ]GABA 
‘10  '  mi  were  used  I  mler  these  conditions,  glutamate  and 
GABA  do  not  interfere  with  each  others  transport  (Bai- 
sh  Si  Juitssmv  19-2)  Separate  experiments  demon- 
-Mated  Miat  the  Mdioactivity  accumulated  in  nucleus 
acc  1 1  in  bens  h.  moec  nates  was  proportional  to  the  amount 
of  tissue  within  the  range  used  m  this  study  In  a  few 
experiments.  t>-|  2. 3-  *H  jaspartate  was  used  as  a  non-meta- 
bnliv  ligand  (P wits  Sc  Johnmov  Wm  to  exclude  the 
possibility  ol  metabolic  influence  on  the  uptake 
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Tabu  I  Till  min  in  in  miikansii  iiov  ii\  si  i  ROTRAVssumR  marbirs  is  thi  si  m i  s  a{ n  mbkss 


l  noperated  side 
t/<mol  h  g  protein) 

Operated  side 
(//mol  h  g  protein  i 

Difference 

fj 

Glutamate  uptake 

3.61  +  0  17  1141 

1  43  +  016  1 14) 

-45* 

GABA  uptake 

5.4K  -i-  0.76(7) 

4.K7  -  0  56  ( 7 1 

.  .  - 1 1 

Aromatic  amino  acid  decar  bow  Lise 

75.6  -i-  6.5  (9| 

7.1  +  3.7  I9| 

-  so* 

C  holme  acet>  Itransferase 

1  16  *  It)  IN) 

100  +  30  (H| 

-  15 

Glutamate  decar  bow  lase 

710  +  71  (6) 

396  +  51  (61 

_  5 

Results  presented  us  mean  +  s.i  .m  (number  of  ammalsl 
*  P  <  0.001  (Wtleoson  paired  comparison  lest) 


Tor  eiirwue  tina/iMs.  tile  homogenates  were  treated  with 
Triton  \-lim  (tin.il  cone  03".  '  'i  Previously  described 
methods  were  used  lor  determinations  ol  ChAT  iTosst  M. 
I')75ul.  aromatic  amino  acid  decarboxylase  li  t  4  I  I  ’hi 
(Brir  ii  &  Ttvsw  \t.  19’3).  glutamate  decarboxx lasc  (FT 
4  11.(51  iTTisst  \|  ci  ill..  1  V77t  and  acety Icholmesterase 
lAChF.  E<  VI  I  7i  iTossi  \i.  I464i  C  arnitine  acetyltruns- 
lerase  activity  was  analyzed  using  Kalignost  extraction  at 
acid  pH  to  isolate  the  product  (Li  so  KaRLsis  &  Fowl  xi. 
I97S|. 

kiitlihiciiini '  annuo  nciilx  were  analyzed  by  Ihe  double 
isotope  danxy laiion  technique  as  previously  described 
(Fiissl  xi  &  Wvi  xxx.  1 47s i.  Protein  was  measured  accord¬ 
ing  to  Lowrv.  Rom hriii  till.  Farr  &  Rasiiaii  <19511 

Sian  ill i  ill  irctiinn  ni 

C  omparisons  between  the  sides  with  and  without  lesions 
or  brains  with  and  without  lesions  were  performed  with 
ihe  Wikoxon  paired  comparison  test  or  the  Wileoxon  two 
sample  lest  as  appropriate  iHoixas  &  Liiixiavv.  I964i. 

RFSl  LTS 

To  studs  afferent  transmitters  in  the  nucleus 
accumbens.  surgical  lesion  techniques  were  employed. 
Seven  days  alter  a  hemitranseetton  through  the 
globus  pallidus.  the  high  affinity  glutamate  uptake 
was  decreased  by  45"..  and  the  aromatic  amino  acid 
decarboxx lave  activity  was  decreased  by  NO",.,  while 
glutamate  decarbox  x  lave  and  (  hAT  activities  and 
the  high  affinity  uptake  of  GABA  were  unchanged 
iTable  1 I  Samples  from  the  unoperated  side  displayed 
the  same  glutamate  and  GABA  uptakes  as  sham 


operated  and  unoperated  animals  (data  not  shown) 
Tilts  has  also  been  shown  to  be  the  case  for  aromatic 
amino  acid  decarboxylase.  ChAT  and  glutamate 
decarboxylase  (Fowl  M  cl  al..  1977).  and  the  un- 
lesioned  side  was  therefore  used  as  control  in  the  rest 
of  this  study,  except  where  bilateral  lesions  were  per¬ 
formed. 

Further  analysis  of  the  glutamate  uptake  demon¬ 
strated  that  the  decrease  following  hemitransection 
was  almost  maximally  developed  after  7  days  (Fig.  ’). 
Subcellular  fractionation  demonstrated  that  the  up¬ 
take  was  concentrated  in  the  synaptosomal  fraction, 
w  here  most  of  the  decrease  after  lesion  was  also  found 
(Fig.  .7).  In  contrast,  the  mitochondrial  marker  carni- 


3  7  14 

Days 


Fit;.  3  Time  course  of  changes  in  high  affinity  glutamate 
uptake  in  the  nucleus  accumbens  after  hemitransection 
Fuch  point  is  mean  +  s.i  xi  of  live  to  nine  operated  ani¬ 
mals  expressed  as  per  cent  of  simultaneously  analyzed  un- 
operaicd  animals. 


CHOLINE  ACETYLTRANSFERASE 

OUNOPERATEC  oh£MITRANSECTED  MIGH  AFFINI1Y  out  UPTAKE 

CARNITINE  ACETYLTRANSFERASE  a  unoperated 

•  UNOPERATED  .wEMITRanSECTED  a  HEMITRANSECTED 


SUCROSE  MOLARITY  SUCROSE  MOLARITY 


I  n.  7  Sucrose  density  gradient  centrifugation  showing  the  subcellular  distribution  of  choline  acenl- 
translcrasc.  carnitine  acety  Itranslerase  and  high  affinity  glutamate  uptake  in  the  nucleus  accumbens 
of  unoperated  and  hennlr.inxected  rat  brain  Fach  point  is  mean  +  s  i  w.  from  three  animals  expressed 
as  relative  lo  the  activity  in  P, -pellet  from  unoperated  animals  tscc  Experimental  Procedures! 
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line  acetyltransferase  (McCaman.  McCaman  &  Staf¬ 
ford.  1966)  and  the  synaptosomal  marker  ChAT  did 
not  display  decreased  activities  in  any  of  the  fractions 
studied.  Topographical  distribution  studies  demon¬ 
strated  that  glutamate  was  most  active  in  the  neo¬ 
striatum,  slightly  less  so  in  the  lateral  septum  and 
nucleus  accumbens.  rather  low  in  the  olfactory  tubercle 
and  very  low  in  the  globus  pallidus  (Table  2). 

Selective  lesions  of  known  alTerents  to  the  nucleus 
accumbens  (Fig.  I)  revealed  that  lesions  of  the  medial 
forebrain  bundle,  the  thalamic  nuclei,  the  dorsal  neo¬ 
cortex.  the  caudal  pyriform  cortex  and  the  cingulum 
bundle  had  no  effect  on  glutamate  uptake  in  the 
nucleus  (Table  3).  A  short  parasagittal  lesion,  which 
destroyed  the  stria  terminalis  and  the  ventral  amygda- 
lofugal  pathway,  or  a  dorsal  parasagittal  lesion,  which 
destroyed  the  stria  terminalis  and  the  lateral  fimbria, 
but  left  the  ventrocaudal  part  of  the  hippocampal  for¬ 
mation  intact,  also  did  not  decrease  the  glutamate 
uptake.  A  long  parasagittal  lesion,  however,  which  cut 
through  the  whole  hippocampal  region,  led  to  a  sig¬ 
nificant  decrease  in  glutamate  uptake.  A  fornix  lesion, 
designed  to  destroy  all  fibers  coming  from  the  hippo¬ 
campal  formation,  led  to  a  decrease  comparable  to 
that  found  after  hemitransection.  These  results  indi¬ 
cate  that  part  of  the  glutamate  uptake  in  the  nucleus 
accumbens  is  dependent  on  fibers  which  originate  in 
the  hippocampal  formation  and  travel  through  the 
fornix.  Aromatic  amino  acid  decarboxylase  activity 
analysis  after  some  of  these  lesions  confirmed  that 
the  decrease  in  glutamate  uptake  was  independent  of 
the  aminergic  innnervation.  as  a  median  forebrain 
bundle  lesion  decreased  the  aromatic  amino  acid 
decarboxylase  activity  by  the  same  amount  as  a 
hemitransection  without  affecting  the  glutamate 
uptake  (Table  3). 

Amino  acid  analysis  after  a  lesion  of  the  fornix 
demonstrated  a  significant  decrease  in  the  concen¬ 
tration  of  endogenous  glutamate,  and  also  a  slight 
decrease  in  aspartate,  which,  however,  was  barely 
significant  (P  =  0.05  with  the  Wilcoxon  two-sample 
test.  P  >  0. 10  with  the  Student's  r-tesl ).  The  levels  of 
GABA,  glycine  and  glutamine  were  essentially  un¬ 
changed  (Table  41. 

To  study  the  intrinsic  transmitters  in  the  nucleus 
accumbens.  the  neurotoxic  glutamate  analogue  kainic 
acid  was  injected  stereotaclically  into  the  nucleus. 
Histological  staining  of  sections  from  these  animals 


Tabu  2  Thi  oistribi  nos  <>i  in:  t  imam  ot  10  '  m  on  - 

IAMAU  IS  nil  BASM  GANUIIA  ASH  'VII  SOI  IMBII  '  RK.IIINS 


Glutamate  uptake 
</imol  h  g  protein! 

Neostriatum 

4  14  t  0  18(271 

Globus  pallidus 

0.46  +  007(51 

Lateral  septum 

2  62  E  0  27(1  11 

Nucleus  accumbens 

2  67  +  016(151 

Olfactors  tubercle 

1  42  +  012(121 

Results  presented  as  mean  +  si  m  (number  of  animals) 


Tablf  3  T hi  effect  or  restricted  lesions  on  the  uptake 

OF  GLUTAMATE  AND  ON  THE  ACTIVITY  OF  ARO-IATIC  AMINO 
ACID  DECARBOXYLASE  IN  THI  NUCLEUS  ACCUMBENS 


Aromatic  ammo 
Glutamate  acid 

uptake  decarboxylase 

Region  with  lesion  (per  cenl  of  control  brain) 


Dorsal  cortex 

99 

+ 

1 

(7) 

Thalamic  nuclei 

105 

+ 

13 

(8) 

Medial  forebrain  bundle 

86 

15 

(81 

21 

+ 

7(8|* 

Pyriform  cortex 

111 

+ 

13 

(4) 

Bilateral  fornix 

48 

+ 

4 

(ID* 

Cingulum  bundle 

93 

+ 

ii 

(5) 

Dorsal  parasagittal  lesion 

97 

+ 

4 

(41 

91 

± 

6(4) 

Short  parasagittal  lesion 

88 

± 

13 

(4) 

87 

± 

8(4) 

Long  parasagittal  lesion 

67 

± 

16 

(51** 

97 

± 

9(5| 

Result-  presented  as  mean  ±  s.i  m  (number  of  animals). 
•  P  <  0.001.  ••  P  <  0.05  (Wilcoxon  two-sample  test) 


5  6  days  after  injection  (not  shown)  demonstrated  a 
heavy  loss  of  cells  with  large  nuclei  and  basophil  cyto¬ 
plasm  while  the  remaining  cells  were  characterized 
by  small  dark  nuclei,  thus  probably  being  of  a  glial 
nature.  This  lesion  was  not  completely  confined  to 
the  nucleus  accumbens.  but  in  most  animals  also 
encroached  on  adjoining  regions  of  the  septum,  neo¬ 
striatum  and  olfactory  tubercle  Biochemical  analysis 
after  this  lesion  demonstrated  approximately  a  70",, 
decrease  in  the  activities  of  ChAT  and  glutamate 
decarboxylase,  a  60"„  decrease  in  GABA  uptake  and 
a  35”,,  decrease  in  AChE  activity,  while  the  aromatic 
amino  acid  decarboxylase  activity  was  unchanged 
The  glutamate  uptake  was  found  to  be  decreased  by 
approximately  45"„  (Table  5).  In  sham  injected  ani¬ 
mals.  no  decrease  in  these  parameters  was  found 
Performing  both  kainic  acid  injection  and  fornix 
transection  in  the  same  animals  led  to  approximately 
an  X5”„  decrease  in  the  glutamate  uptake.  This  treat¬ 
ment  had  no  additional  effect  on  ChAT.  glutamate 
decarboxylase  or  aromatic  amino  acid  decarboxylase 
activities  compared  to  kainic  acid  alone  (Table  6). 
Thus,  the  decreases  in  glutamate  uptake  after  these 
two  lesions  were  found  to  be  additive. 


Tabu  4  Thi  ieeii  i  oi  iornix  transit  hoc  on  nil  <  UN¬ 
CI  N I RA 1  ION'S  OF  SOMI  AMINO  Af  IDS  IN  IHI  Nl  (  LEI'S 
At  Cl  MBI  NS 


Cnoperated  side  Lcsioned  side 

n  6  n  ^  8 

(//mol  g  pr olein  I  (//mol  g  prolc/nl  A", 


Glutamate 

1 03  4  + 

7.7 

69  4  +  6  1 

U* 

Aspartate 

25  6  + 

2  1 

200  E  2  1 

_ 

Gbcinc 

14  1  + 

1  9 

1 5  5  e  4  4 

+  10 

y-aromobuuralc 

44  6  + 

3  6 

19  0  4  U 

13 

Glutamine 

94  5  ± 

5  8 

860  +  99 

9 

Results  presented  as  mean  e  s  t  xt 
*  P  <  002.  **  P  -  005  (Wilcoxon  two-sample  lesil.  or 
0  10  <  P  <  0  20  (Student's  i-iesii 
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Tabu  5.  Tin  min  oi  local  kainic 

A<  ll>  INJIC I  ION  (>\  M  l  RO| 

[rassmii  hr  mark  IRS  in  ihi 

MC  l.l  lS  A('<  l  MHt  \s 

V n injected  side 

Injected  side 

Difference 

t/imol  h  g  protein) 

CJ 

Glutamate  uptake 

2.49  +  0.25(9) 

1.12  ±  0.21  (9) 

-47** 

GABA  uptake 

4.00  +  0.41  (5) 

1.52  +  0.25(5) 

-62“ 

Aromatic  amino  acid  decarbox\tase 

19,4  ±  1.8  (9) 

41.6  +  2.1  (91 

+  6 

Acet  y  IchoJineslerase 

7.140  +  440  (6) 

4760  +  800  (6) 

- 15* 

C  holine  acel\l transferase 

129  ±  7  (111 

11  +  5  (11) 

-76*** 

Glutamate  decarboxUase 

245  +  20  (101 

75  +  24  |I0| 

-70*** 

Results  presented  as  mean  ±  s.i.m  (number  of  animals) 

*  P  -  0.0.'.  **  P  <  0.001  ***  P  <  0.00 f  (Wileoxon  paired  comparison  test). 


Tahu  6.  Ttti  mici  or  t  mla oral  kainic  acid  injiction  iollowid  by  rii.au  kai.  lision  or  ihi  tormx  os  sn  ro- 

IRASSMltllR  St  ARK  I  RS  IS  till  St  (LI  I  S  ACCCMBI  NS 


Unlesioned  animals 
(nmol  h  g  protein) 

Uninjected  side 
t/imol  h  g  protein) 

Change 

i 

Injected  side 
[/<mol  h  g  protein) 

Change 

<"„l 

Glutamate  uptake 

1.17  +  0.20 

1.87  +  0.22 

-41** 

0.54  +  0.16 

-81* 

Aromatic  amino  acid  decarbox> fuse 

40.7  c  2.4 

42.8  +  2.4 

+  5 

41.7  +  1.2 

+  1 

C  holine  acetvltransferase 

102  +  9 

96  +  7 

-6 

22  +  7 

-78* 

Glutamate  decarbow lase 

256  +  10 

259  +  1(1 

+  1 

71  +  27 

-72* 

Results  presented  as  mean  +  S.I.M.  from  six  unlcsioned  and  six  operated  animals. 

*  P  «.  0.001.  **  P  =  0.(0  (compared  with  unlcsioned  animals.  Wileoxon  two-sample  lest I. 


DISCUSSION 

Malhotlolotiical  considerations 

The  sniiahilitx  of  aromatic  amino  acid  decarboxy¬ 
lase.  C  hAT  and  glutamate  decarboxylase  as  markers 
for  catecholaminergic  indolaminergic.  cholinergic  and 
GABAergic  libers  respectixely  has  previously  been 
discussed  (hosst  \(.  1075b:  Fonncm  ct  at.  |977|.  In 
contrast,  a  marker  for  putative  glutamergic  libers  has 
been  difficult  to  find.  Howev  er,  recent  reports  indicate 
that  the  so-called  high  affinity  uptake'  of  glutamate 
is  specifically  located  in  such  terminals  (Yni  Net. 
Osn r-Granhi .  Hirnixin  &  SwntR.  1974:  Storxi- 
V(Aniisf\.  1977:  Divac.  Fonncm  &  SioRM-MArin- 
SIN.  1977:  McGlIR.  McGlIR.  ScHFRIR  &  SlNGlt. 
1977:  l.t  \d  Karisin  &  Fonncm.  1978;  Fonncm  & 
Wai  aas.  1978)  This  uptake  might  therefore  be  a  suit¬ 
able  marker  for  such  neurons,  but  at  least  in  vitro 
the  carrier  does  not  seem  to  be  able  to  distinguish 
between  glutamate  and  aspartate,  another  transmitter 
candidate  (Baicak  &  Johnston.  1972).  In  this  study, 
we  have  therefore  used  glutamate  uptake  as  marker 
for  both  putative  glutamergic  and  aspartergic  fibers, 
and  performed  amino  acid  analyses  to  differentiate 
between  them 

7  ransmitters  in  altcrcm  libers 

Judging  from  neuroanatomical  studies,  most  libers 
reaching  the  nucleus  accumbens  in  rat  brain  seem  to 
originate  from  more  caudal  regions  (Swanson  & 
Cowan.  1975)  We  therefore  started  these  studies  with 
a  complete  hemilransection  placed  caudal  to  the  nu¬ 
cleus  This  has  previously  been  shown  to  be  without 
effect  on  glutamate  decarboxylase  and  (  hAT  activi¬ 
ties.  hut  to  decrease  the  aromatic  amino  acid  decar¬ 
boxylase  activity  substantially  (Tonm  vt  ct  al.  1977) 


These  results  have  been  confirmed,  but  in  addition 
we  found  that  the  high  affinity  glutamate  uptake  de¬ 
creased  by  40  50"„  after  this  lesion,  while  the  high 
affinity  GABA  uptake  was  unchanged. 

(jltitainert/ie  alterants.  The  possibility  of  a  gluta- 
mcrgic  innervation  of  the  nucleus  accumbens  was 
therefore  studied  in  more  detail.  Firstly,  a  topographi¬ 
cal  distribution  study  of  glutamate  uptake  demon¬ 
strated  great  differences  in  uptake  activity  in  different 
regions,  c.g.  a  high  uptake  was  found  in  the  neostria¬ 
tum.  slightly  less  in  the  lateral  septum  and  nucleus 
accumbens.  lower  still  in  the  olfactory  tubercle,  and 
very  low  in  the  globus  pallidus.  Of  these  regions,  both 
the  neostriatum,  the  lateral  septum  and  the  olfactory 
tubercle  have  been  suggested  to  receive  glutamergic 
fibers  (Divac  at  al„  1977;  Kim.  Hassltr.  Hai  g  & 
Paik.  1977;  Fonncm  &  Walaas.  1978:  Harvty. 
Schoihili).  Graham  &  Aprison.  19751.  Secondly, 
subcclluiar  fractionation  of  homogenates  from  the  nu¬ 
cleus  accumbens  showed  that  glutamate  uptake  was 
most  active  in  the  synapiosome-enriched  fraction. 
Thirdly,  the  time  course  of  the  decrease  in  uptake 
after  placement  of  a  lesion  was  generally  comparable 
to  that  usually  found  for  other  transmitter  markers 
following  axolomy  (Rns.  Gilao.  Picki  l  &  Jolt.  1978). 
Also,  the  decrease  in  uptake  was  clearly  not  a  result 
of  changes  in  amino  acid  metabolism  in  the  nucleus 
following  lesions,  as  pilot  experiments  with  the  nieta- 
bolicully  inert  ligand  o-aspartatc,  which  travels  by  the 
same  uptake  mechanism  as  t  -glutamate  and  l.-aspar- 
latc  (Davits  &  Johnston.  19761.  demonstrated  ap¬ 
proximately  the  same  decrease  after  lesion  (J5  40", , 
in  three  animals). 

These  results  thus  indicated  that  almost  50“ „  of  the 
high  affinity  glutamate  uptake  in  the  nucleus 
accumbens  was  specifically  localized  in  nerve  tcr- 
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minals  of  an  ascending  projection  to  the  nucleus. 
More  restricted  lesions  were  then  performed  to  find 
the  origin  of  this  projection. 

No  significant  difference  in  glutamate  uptake  was 
demonstrated  after  removal  of  the  cingular  or  the 
pyriform  cortex.  Electrocoagulation  of  intralaminar 
thalamic  nuclei  also  left  the  uptake  unchanged.  Tran¬ 
section  of  the  medial  forebrain  bundle  destroyed  the 
aminergic  innervation  but  had  no  effect  on  the  uptake 
of  glutamate.  Thus  fibers  from  the  ventral  tegmental 
area  and  brain  stem,  thalamus,  and  cingular  or  pyri¬ 
form  cortex  did  not  possess  a  detectable  part  of  this 
uptake  capacity.  Bilateral  lesion  of  the  fimbria/fornix, 
however,  led  to  a  decrease  in  glutamate  uptake  com¬ 
parable  to  that  found  after  hemitransection.  Lesions 
designed  to  differentiate  between  the  fibers  cut  by  this 
lesion  indicated  that  the  glutamate-accumulating 
fibers  innervating  the  nucleus  accumbens  through  the 
fornix  originate  in  regions  located  medial  and  caudal 
in  the  hippocampal  formation.  The  excitatory  fibers 
in  the  fimbria 'fornix  (Dt  France  &  Yoshihara,  1975) 
which  probably  come  from  the  subiculum  and  ter¬ 
minate  in  the  nucleus  accumbens  (Swanson  & 
Cowan.  1977)  seem  to  fit  this  description  reasonably 
well.  Also,  finding  the  same  decrease  in  uptake  after 
hemitransection  and  bilateral  lesion  of  the  fornix  indi¬ 
cated  that  the  projection  was  unilateral,  as  has  been 
shown  to  be  the  case  for  the  subicular  fibers  (Swan¬ 
son  &  Cowan,  1977).  Amino  acid  analysis  after  place¬ 
ment  of  the  lesion  demonstrated  a  significant  decrease 
in  the  level  of  glutamate  but  not  in  aspartate.  Thus, 
the  subiculum  accumbens  fibers  are  excitatory,  they 
possess  high  affinity  glutamate  uptake,  and  have  a 
high  concentration  of  glutamate  in  their  terminals. 
We  therefore  propose  that  these  fibers  are  glutamer- 
gic. 

Transmitters  in  local  neurons 

With  the  introduction  of  the  selective  neuroloxic 
compound  kainic  acid,  which  in  several  brain  regions 
has  been  shown  to  destroy  local  neurons  but  to  leave 
afferent  fibers  intact  (Olney.  Rhee  &  Ho.  1974; 
McGeer  &  McGeer.  1976;  Coyle  &  Schwarcz.. 
1976;  Hattori  &  McGf.fr.  1977;  Herndon  & 
Coyle.  1977;  Fonnum  &  Walaas.  1978).  a  direct 
lesioning  technique  has  been  made  available  for 
analysis  of  the  transmitter  composition  of  local 
neurons.  However,  microscopical  control  of  the  type 
and  the  extent  of  the  lesion  will  be  necessary.  In  the 
present  study,  the  lesion  exhibited  the  same  light- 
microscopic  characteristics  as  those  described  by 
Schwarcz  &  Coyle  (1977)  in  the  neostriatum,  with 
a  selective  loss  of  neuronal  cells  However,  the 
changes  were  also  found  to  be  present  in  adjoining 
regions  Thus,  short  projections  to  the  nucleus 
accumbens  (Powell  &  Leman.  1976)  would  probably 
also  be  affected.  However,  such  projections  are  prob¬ 
ably  quantitatively  insignificant  (Swanson  &  Cowan. 
1975).  and  we  therefore  think  that  the  results  of  kainic 


acid  injection  may  be  interpreted  mainly  as  a  conse¬ 
quence  of  the  loss  of  intrinsic  cells. 

Following  injection  of  kainic  acid,  massive  losses 
in  both  glutamate  decarboxylase  and  ChAT  activities 
were  found.  Indeed,  in  some  animals  the  nucleus  was 
found  to  be  almost  totally  devoid  of  these  enzymes. 
Acetylcholine  and  GABA  therefore  seem  to  be  present 
almost  exclusively  in  intrinsic  neurons.  GABA  uptake 
decreased  slightly  less  than  the  fall  in  glutamate 
decarboxylase  activity  and  the  activity  of  AChE  de¬ 
creased  markedly  less  than  that  of  ChAT.  A  small 
part  of  the  GABA  uptake  is  therefore  probably  local¬ 
ized  outside  kainic  acid-sensitive  neurons,  possibly  in 
glial  cells,  while  a  substantial  part  of  the  AChE 
activity  could  be  present  in  glial  cells  (Hemminiki. 
Hemminiki  &  Giacobini.  1973)  or  in  afferent  non- 
cholinergic  fibers  (Lehmann  &  Fibiger.  1978).  The 
aminergic  marker  aromatic  amino  acid  decarboxylase 
was  unaffected  by  kainic  acid,  demonstrating  that  the 
ascending  dopaminergic  and  serotonergic  fibers  were 
intact. 

In  contrast,  the  high  affinity  uptake  of  glutamate 
was  decreased  by  40  50°, ,  after  injection  of  kainic 
acid,  the  same  decrease  as  found  after  lesion  of  the 
fornix.  This  result  would  seem  to  indicate  either  the 
existence  of  intrinsic  giutamate/aspartate  neurons  in 
the  nucleus  accumbens.  or  alternatively  that  the  affer¬ 
ent  glutamergic  fibers  had  been  destroyed  by  kainic 
acid.  To  test  these  possibilities,  we  combined  the 
lesion  of  the  fornix  and  the  injection  of  kainic  acid, 
and  found  that  the  decreases  in  glutamate  uptake 
were  additive.  Thus,  the  afferent  fibers  were  not 
lesioned  by  kainic  acid,  and  destruction  of  some  local 
cells,  either  neurons  or  glia,  which  also  can  accumu¬ 
late  glutamate  in  a  high  affinity  manner  (Hens. 
Goldstein  &  Hamberger.  1974).  must  have  been  re¬ 
sponsible.  Since  glial  cells  are  left  unchanged  morpho¬ 
logically  after  the  application  of  kainic  acid  (Olney 
ft  ai.  1974;  Hattori  &  McGeer.  1977;  SCHWARCZ 
&  Coyle.  1977).  the  decrease  in  glutamate  uptake 
probably  reflects  a  degeneration  of  intrinsic  glutamer¬ 
gic  or  aspartergic  neurons. 

Conclusions 

Our  results  indicate  the  existence  of  a  subiculum 
accumbens  projection  which  probably  uses  glutamate 
as  transmitter,  ascending  aminergic  fibers  from  the 
mesencephalon,  and  populations  of  intrinsic  choliner¬ 
gic.  GABAergic  and  glulamergic  or  aspartergic  cells. 

The  identification  of  these  systems  should  help  in 
clarifying  the  functional  interplay  of  the  different 
transmitter  systems  present  in  the  nucleus,  and  also 
the  functional  organization  of  the  different  'limbic' 
and  'extrapyramidal'  regions  connected  with  the 
nucleus  accumbens. 
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BIOCHEMICAL  EVIDENCE  FOR  OVERLAPPING 
NEOCORTICAL  AND  ALLOCORTICAL  GLUTAMATE 
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ROSTRAL  CAUDATOPUTAMEN  IN  THE  RAT  BRAIN 
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Abstract  The  high  affinity  uptake  of  L-glutamate  has  been  used  to  investigate  the  origin  and  distribu¬ 
tion  of  putative  glutamate  fibers  in  restricted  parts  of  the  rostral  caudatoputamen  and  the  nucleus 
accumbcns  of  the  rat  brain  Ablation  of  the  frontal  cortex  reduced  the  glutamate  uptake  heavily  (-77%) 
in  the  dorsal  part  of  the  ipsilateral  caudatoputamen,  but  also  led  to  significant  decreases  in  the  ventral 
parts  of  the  ipsilateral  caudatoputamen  |  -62%  and  -  53%).  in  the  ipsilateral  nucleus  accumbcns  (  -25% 
and  -  IK"„|  and  in  the  contralateral  dorsal  part  of  the  caudatoputamen  (-21%).  Lesion  of  the  caudal 
neocortex  reduced  the  glutamate  uptake  in  the  dorsal  part  of  the  ipsil.c  •'  caudatoputamen  only 
(  -  2.V  „i  Lesions  of  the  fimbria  fornix  reduced  the  glutamate  uptake  in  b  ,  of  the  ipsilateral 

nucleus  accumbcns  i  -46"„  and  -  34%)  and  by  approximately  20%  in  the  wh  r  so  ventral  extent  of 

the  anterior  caudatoputamen 

The  results  indicate  that  the  frontal  neocortex  distributes  fibers  which  may  use  glutamate  as  neuro- 
transmitter  both  to  the  whole  ipsilateral  caudatoputamen  and  to  the  nucleus  accumbcns,  and  also  to  the 
dorsal  parts  of  the  contralateral  caudatoputamen  The  caudal  neocortex  probably  sends  such  fibers  to 
the  dorsal  ipsilateral  caudatoputamen.  and  the  caudal  allocortex  sends  such  fibers  through  the  fimbria/ 
fornix  to  the  nucleus  accumbens  and  the  ventral  pari  of  the  ipsilateral  caudatoputamen.  The  results  thus 
corroborate  previous  suggestions  of  close  similarities  between  the  nucleus  accumbens  and  the  ventral 
caudatoputamen 


Receni  anatomical  and  neurochemical  evidence  indi¬ 
cates  that  the  nucleus  accumbens  septi  possibly  might 
be  regarded  as  an  integral  part  of  the  rostral  neostria¬ 
tum  (Heimer  &  Wiison,  1975;  Swanson  &  Cowan, 
1975,  Fonnim.  Walaas  &  Iversen.  1977;  Nauta. 
Smith,  Fai  u  &  Domesioc.  1978;  Walaas  &  Fon- 
nlm.  1 979ul  Both  these  nuclei  receive  major  cortical 
projections,  and  anatomical  inve'"eations  have 
shown  that  the  neostriatum  b1  iputamen) 
receives  most  of  these  fibers  from  the  ne>  -ortex  (Kun- 
/lk.  1975.  Hedrefn.  1977).  while  the  nucleus  accum¬ 
bens  receives  most  of  its  cortical  input  from  the  allo- 
cortical  hippocampal  formation  (FIeimer  &  Wilson. 
1975.  Sw  anson  &  Cowan,  1977)  We  have  previously 
demonstrated  that  these  two  projections  contain 
fibers  which  probably  use  glutamic  acid  as  neuro¬ 
transmitter  (Divat.  Fonnim  &  Storm-Mathisen. 
1977,  Wai  a  as  &  Fonnim,  1979a).  results  which  have 
been  confirmed  by  other  workers  (McGeer.  McGeer. 
Scherer  &  Sinoh.  1977;  Zac/ek.  Hedreen  &  Covlf. 
1979)  The  present  study  was  designed  to  further 
investigate  some  aspects  of  the  distribution  pattern  of 
these  glutamate  fibres,  and  in  particular  to  study 
whether  they  terminate  in  separate  fields  or  whether 
they  overlap  The  high  affinity  uptake  of  glutamate 
present  in  these  fibres  has  therefore  been  analysed  in 


1  Present  address  Department  of  Pharmacology.  Yale 
University  School  of  Medicine.  New  Haven  CT  06510. 
USA 


the  dorsal,  middle  or  ventral  parts  of  the  rostral  cau¬ 
datoputamen  and  in  the  medial  and  lateral  nucleus 
accumbens  after  separate  or  combined  lesions  of  the 
afferent  cortical  projections.  The  effects  on  the  chol¬ 
inergic  marker  enzyme  choline  acetyltransferase 
(EC  2.3. 1.6)  and  the  monoamine  marker  enzyme  aro¬ 
matic  amino  acid  decarboxylase  (EC  4. 1.1. 26)  (Fon- 
nlim  et  al..  1977)  have  also  been  investigated,  in  order 
to  control  the  density  of  local  neurons  and  mesence¬ 
phalic  afferents  after  the  different  lesions.  Some  pre¬ 
liminary  results  have  been  reported  (Walaas  &  Fon- 
num.  19796;  Walaas.  1980). 

EXPERIMENTAL  PROCEDURES 

Male  Wistar  rats,  180- 200  g  body  weight,  were  subjected 
to  4  types  of  lesions  under  anesthesia  with  fentanyl/fluani- 
sone  (Hypnorm  vet.,  Mekos)  and  Valium  (Roche).  The 
frontal  neocortex  anterior  to  the  bregma  was  removed  uni¬ 
laterally  by  suction  down  to  the  white  matter  under  visual 
guidance,  with  the  lesion  extending  ventrally  to  the  rhinal 
fissure  and  the  olfactory  bulb  (Fig.  1).  In  some  of  these 
animals  a  small  part  of  the  cortex  anteriomedial  to  the 
forceps  minor  of  the  corpus  callosum  was  spared  (Fig.  2). 
The  fibers  from  the  hippocampal  formation  were  lesioned 
either  by  a  unilateral  or  bilateral  knife  cut  through  the 
fimbria  and  fornix  1  mm  behind  the  bregma  and  6  mm 
deep  to  the  scull  surface  (Fig.  1)  (Walaas  &  Fonnum, 
|979o),  by  a  unilateral  suction  lesion  through  the  dorsal 
parietal  cortex  which  destroyed  the  septal  part  of  the  hip¬ 
pocampus  and  the  fimbria  under  visual  guidance,  or  by  a 
hemitransection  of  the  brain  at  the  level  of  the  globus  pal- 
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Fig.  1  Schematic  outline  of  lesions  of  the  corticofugal  pro¬ 
jections,  viewed  from  above.  1.  anterior  decortication;  2. 
fornix  transection;  3.  hemitransection;  4.  posterior  decorti¬ 
cation.  Abbreviations:  A.  nucleus  accumbens;  cp.  caudato- 
putamen;  HI,  hippocampus 


lidus  (Walaas  &  Fonnl'M.  W7 9u).  A  third  group  of  ani¬ 
mals  received  both  a  frontal  decortication  and  a  bilateral 
fornix  cut  and  a  fourth  group  received  a  suction  lesion  of 
the  caudal  neocortex  and  corpus  callosum  overlying  the 
dorsal  hippocampus  (Fig  II  The  latter  lesion  was  designed 
to  control  for  possible  neocorlica!  fibres  being  destroyed 
by  the  fimbria  fornix  denervations. 

Six  to  nine  days  after  surgery,  the  animals  were  decapi¬ 
tated  and  the  nucleus  accumbens  and  the  anterior  caudato- 
putamen  were  dissected  and  divided  as  shown  in  Fig  2 
from  frontal  brain  slices.  The  samples  were  homogenized  in 
cold  0.32  m  sucrose,  pH  7  4.  in  glass-Tefion  homogenizers 
to  preserve  nerve  terminals  (Walaas  &  Fonnum.  I979u). 
and  preincubated  in  Krebs-tris  buffer  in  a  shaking  water 
bath  at  25  C  for  15  min  l-(2.3-'H)  glutamate  (22  5  CT 
mmol.  New  England  Nuclear,  Bosionl  was  added  (final 
cone.  10  ’ M),  the  incubation  was  terminated  after  3  min 
by  rapid  filtration,  and  the  amount  of  labelled  glutamate 
accumulated  in  the  tissue  was  measured  by  liquid  scintilla 
tion  counting  (Fonnum  er  <:/..  19771. 

For  enzyme  analysis,  the  homogenates  were  treated  with 
Triton  Af-100  (final  cone  0  2"„.  v  v)  to  release  maximal 
activity,  and  choline  ucetyltransferase  and  aromatic  amino 
acid  decarboxylase  were  analysed  with  previously  de¬ 
scribed  methods  (Broth  &  Fonnum.  1972;  Fonnum.  19751 
All  results  were  related  to  protein  content  I  Lowry.  Rost- 
brough.  Farr  &  Randail,  I9S)i  with  bovine  serum 
albumine  used  as  standard 

RESULTS 

In  unoperated  animals,  the  highest  density  of  gluta¬ 
mate-accumulating  structures  was  found  in  the  ven¬ 
tral  part  of  the  rostral  caudatoputamen,  with  dis¬ 
tinctly  lower  uptake  activity  in  the  medial  nucleus 
accumbens  (Table  I).  In  contrast,  cholinergic  ter¬ 
minals  as  demonstrated  by  choline  acetyltransferase 
activity  were  concentrated  in  the  dorsal  caudatoputa¬ 
men  and  medial  nucleus  accumbens.  while  the  amin- 
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Fig  2  Schematic  drawing  of  frontal  brain  sections  modified  from  Konig  &  Klippel  (1963).  Outline  of 
dissected  samples  indicated  on  the  left  side  I.  medial  nucleus  accumbens;  II,  lateral  nucleus  accumbens; 
III.  ventral  caudatoputamen ;  IV.  central  caudatopi.  amen;  V.  dorsal  caudatoputamen.  Abbreviations. 
Ac.  nucleus  accumbens,  cp.  caudatoputamen;  CC.  corpus  callosum;  CA,  commtssura  anterior;  FR, 
rhinal  fissure.  LOT.  lateral  olfactory  tract;  SE,  septum.  Numbers  indicate  distance  in  front  of  interaural 
line  in  ttm  Outline  of  anterior  neocortical  lesion  indicated  on  upper  panel,  right  side. 


ergtc  terminals  containing  aromatic  ammo  acid  decar¬ 
boxylase  were  more  evenly  distributed  (Table  2) 

The  denervation  procedures  led  to  significant 
effects  on  the  glutamate  uptake  in  all  regions 
(Table  11  Unilateral  rostral  neocortical  ablation  con¬ 
sistently  removed  all  cortical  tissue  on  the  frontal  dor¬ 
solateral  part  of  the  hemisphere,  but  usually  left  a 
small  part  of  the  angular,  suprarhmal  and  anterome¬ 
dial  cortices  intact  This  lesion  reduced  the  glutamate 
uptake  significantly  in  all  ipsilateral  regions,  most 
heavily  in  the  dorsal  caudatoputamen  ( -  77%)  and 
least  in  the  medial  accumbens  (  — 18%)  Contralater¬ 


ally.  the  glutamate  uptake 
the  dorsal  caudatoputamen 


decreased  significantly  in 
(  -  21”,.)  and  also  slightly 


in  the  central  sample  ( -  12",,  not  significant).  Second, 
ablation  of  the  caudal  dorsal  neocortex  and  corpus 
callosum  overlying  the  dorsal  hippocampus  decreased 
the  glutamate  uptake  significantly  in  the  ipsilateral 
dorsal  caudatoputamen  (-23%).  Third,  unilateral 
destruction  of  the  allocortical  fibres  in  the  fimbria/ 
fornix  by  means  of  three  different  procedures  all 
reduced  the  glutamate  uptake  in  both  parts  of  the 
ipsilateral  nucleus  accumbens  ( -45%  and  -35%)  and 
in  the  ipsilateral  ventral  and  central  parts  of  the  cau¬ 
datoputamen  ( -  24%  and  -21%).  Two  of  these  pro¬ 
cedures.  i.e..  the  brain  hemitransections  and  the  fomix 
transections,  also  destroyed  afferents  to  the  nucleus 
accumbens  running  in  the  stria  terminalis,  while  no 
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Table  2.  Aromatic  amino  acid  decarboxylase  and  choline  acetyltransferase  in  nucleus  accumbens  and  caudato- 

PUTAMEN  FOLLOWING  CORTICAL  LESIONS,  FORNIX  LESIONS  OR  HEMITRANSECTIONS 


Region 

Unoperated  brain 
pmol/h/g  protein 

Ipsilateral  frontal 
decortication,  per 
cent  of  unoperated 

Fornix  lesion,  per 
cent  of  unoperated 

Hemitransection,  per 
cent  of  unoperated 

Nucleus  accumbens 

AAD 

49.6  +  3.5  (6) 

103  ±  5  (5) 

106  +  10(11) 

23  +  5  (4)* 

Medial  part 

ChAT 

216  ±  33 (5) 

96  ±  3  (6) 

91  +  3(5) 

— 

Lateral  part 

AAD 

47.9  +  4.4(6) 

91  +  9(5) 

104  +  11  (11) 

12  ±  1  (4)* 

ChAT 

157  +  19(5) 

91  +  3(6) 

83  +  13(5) 

104  +  11  (4) 

Caudatoputamen 

AAD 

58.9  +  3.3(6) 

95  +  7(5) 

94  ±  10(11) 

13  ±  1(4)* 

Ventral  part 

ChAT 

172  +  5(10) 

96  +  6(5) 

109  +  7(5) 

116  ±  13(4) 

Central  part 

Dorsal  part 

AAD 

54.5  +  3  6(6) 

101  +  9(5) 

94  ±  12(61 

18  ±  3  (4)* 

ChAT 

AAD 

232  +  9(10) 

56.1  +  2.2(51 

91  +  5(5) 

88  ±  3(5) 

98  ±  7(5) 

110  ±  10(4) 

17  +  5(4)* 

ChAT 

255  ±  33(5) 

86  +  6(5) 

98  ±  3(5) 

— 

Results  presented  as  mean  ±  SEM  (number  of  animals).  *P  <  0.01  (Wilcoxon's  2  sample  test). 
Abbreviations:  AAD,  aromatic  amino  acid  decarboxylase;  ChAT.  choline  acetyltransferase 


visible  damage  could  be  seen  in  this  fiber  bundle  after 
the  suction  lesions.  After  all  these  operations,  the  dor¬ 
sal  caudatoputamen  displayed  approximately  the 
same  reduction  in  uptake  activity  as  after  a  caudal 
neocortical  lesion.  No  significant  effects  were  found  in 
any  regions  on  the  contralateral  side  after  the  caudal 
lesions  (Table  1).  More  extensive  lesions  substantiated 
these  findings.  Combining  a  unilateral  frontal  decorti¬ 
cation  with  a  bilateral  fornix  lesion  demonstrated  ad¬ 
ditive  effects  on  the  glutamate  uptake  in  all  regions 
ipsilateral  to  the  frontal  cortex  ablation  (Table  1). 
Contralaterally,  such  additive  effects  were  only  found 
in  the  2  dorsal  parts  of  the  caudatoputamen.  confirm¬ 


ing  that  only  these  parts  of  the  rostral  caudatoputa¬ 
men  receive  inputs  from  the  contralateral  frontal  cor¬ 
tex  (Fig  3).  Analysis  of  the  activities  of  choline  acetyl¬ 
transferase  and  aromatic  amino  acid  decarboxylase 
revealed  that  the  densities  of  cholininergic  and  amin- 
ergic  terminals  were  unchanged  following  both  neo¬ 
cortical  and  allocortical  lesions  in  all  regions  studied 
(Table  2).  In  the  hemitransected  animals,  the  aromatic 
amino  ?cid  decarboxylase  activity  decreased  by 
75  88°0  in  both  caudatoputamen  and  nucleus  accum¬ 
bens.  These  results  agree  well  with  our  previous 
studies  (Fonnum  et  al„  1977;  Walaas  &  Fonnum. 
1979uV 
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NUCLEUS  ACCUMBENS 

Fig  3.  Schematic  outline  of  origin  and  distribution  of  putative  glutamate-using  cortex  fibres  to  the 
caudatoputamen  and  nucleus  accumbens  in  the  rat  brain 
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DISCUSSION 

The  present  study  confirms  that  lesions  of  cortical 
neurons  in  the  rat  brain  decrease  the  glutamate 
uptake  capacity  in  the  caudatoputamen  and  nucleus 
accumbens  without  destroying  intrinsic  cholinergic 
cells  or  aminergic  fibres  from  the  mesencephalon 
(Divac  et  ai.  1977;  McGee*  et  ai,  1977;  Walaas  & 
Fonnum,  1979a).  Thus,  this  glutamate  uptake  ca¬ 
pacity  is  probably  concentrated  in  the  terminals  of  the 
cortico-striatal  and  cortico-accumbens  fibres.  It 
would  therefore  appear  to  be  well  suited  as  a  bio¬ 
chemical  'marker'  in  studies  on  both  the  topography 
and  terminal  density  in  addition  to  investigations  on 
the  transmitter  identity  of  these  projections. 

The  nucleus  accumbens  and  the  ventral  caudatoputamen 

The  major  question  investigated  in  the  present 
work  is  whether  the  allocortical  fibres  to  the  nucleus 
accumbens  distribute  in  a  terminal  field  clearly  separ¬ 
ated  from  the  fundus  of  the  anterior  caudatoputamen. 
Recent  anatomical  studies  using  either  sensitive  stain¬ 
ing  methods  after  anterograde  degeneration  (Heimer 
&  Wilson,  1975)  or  autoradiographic  studies  after 
anterograde  transport  of  tritiated  protein  (Swanson 
&  Cowan,  1977)  have  clearly  demonstrated  the  exist¬ 
ence  of  these  fibres,  but  not  defined  their  terminal 
fields  unequivocally.  The  present  results  appear  to 
answer  this  question:  those  allocortical  fibres  coming 
through  the  fimbria/fornix  and  displaying  glutamate 
uptake  clearly  extend  outside  the  nucleus  accumbens 
as  usually  defined  (Konig  &  Klippel,  1963;  Nauta  et 
ai.  1978).  Furthermore,  assuming  that  these  allocorti¬ 
cal  fibres  all  have  approximately  the  same  glutamate 
uptake  capacity,  the  results  indicate  that  the  terminal 
density  of  this  projection  probably  is  greatest  in  the 
medial  nucleus  accumbens  (where  these  fibres  are 
responsible  for  the  uptake  of  approximately 
75  pmol/mg  protein/3  min  of  the  labelled  glutamate, 
calculated  from  Table  1.  However,  the  density  is  only 
slightly  lower  in  the  lateral  nucleus  accumbens  (ap¬ 
proximately  65  pmol/mg  protein/3  min)  and  in  the 
ventral  caudatoputamen  (approximately  55  pmol/mg 
protein  3  min).  Thus,  no  sharp  boundary  separates 
the  nucleus  accumbens  and  the  ventral  caudatoputa¬ 
men  in  this  respect. 

The  present  study  also  demonstrates  that  the  ipsi- 
lateral  frontal  neocortex  distributes  fibres  to  the  nu¬ 
cleus  accumbens.  thus  confirming  recent  anatomical 
studies  (Beckstead.  1979).  The  terminal  densit)  of 
this  putative  glutamate-using  projection  is  more  diffi¬ 
cult  to  estimate,  as  some  of  the  fibres  may  originate  in 
regions  in  the  anteriomedial  cortex  (Beckstead,  1979) 
which  partly  may  have  survived  the  ablation  pro¬ 
cedure  (Fig  2)  However,  my  results  indicate  that  they 
probably  distribute  terminal  boutons  in  the  nucleus 
accumbens  less  densely  than  do  the  allocortical  fibres 
(Table  1)  In  contrast,  the  ventral  caudatoputamen 
lateral  to  the  nucleus  accumbens  has  a  much  higher 
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density  of  neocortical  than  allocortical  glutamate 
fibres  (glutamate  uptake:  approximately  140 pmol/mg 
protein/3  min  vs  55  pmol/mg  protein/3  min,  see 
above).  Thus,  the  terminal  field  of  the  neocortical 
fibres  in  the  caudatoputamen  does  exhibit  some  sort 
of  boundary  towards  the  nucleus  accumbens,  even  if 
such  fibres  also  penetrate  into  the  accumbens  proper. 

In  conclusion,  therefore,  the  nucleus  accumbens  has 
the  same  qualitative  pattern  of  cortical  glutamate- 
fibre  innervation  as  the  ventral  caudatoputamen,  but 
the  allocortical  input  dominates  quantitatively  in  the 
nucleus  accumbens  while  the  neocortical  input 
dominates  in  the  ventral  caudatoputamen.  The  distri¬ 
bution  of  cholinergic  terminals  found  in  this  study 
also  does  not  distinguish  the  nucleus  accumbens 
clearly  from  the  caudatoputamen,  and  the  pattern  of 
afferent  dopaminergic  innervation  and  acetylcholin¬ 
esterase  staining  is  also  very  similar  (Fallon  & 
Moore,  1978;  Lindvall  &  Bjorklund,  1978;  Fon¬ 
num  et  ai.  1977).  However,  the  detailed  distribution 
of  catecholamines  is  different,  with  highest  concen¬ 
tration  of  noradrenaline  found  in  the  medial  accum¬ 
bens  and  negligible  amounts  in  the  cadatoputamen 
(Opstad  &  Walaas.  unpublished).  The  two  nuclei 
also  exhibit  differences  in  the  density  and  projection 
pattern  of  y-aminobutyrate  neurons  (Fonnum  et  al.. 
1977;  Walaas  &  Fonnum,  1979c,  1980).  Therefore, 
despite  the  anatomical  similarities  between  the  2  nu¬ 
clei  (Heimer  &  Wilson.  1975;  Heimer.  1978;  Nauta 
et  ai,  1978),  the  bulk  of  the  neurochemical  evidence 
indicates  that  the  nucleus  accumbens  probably  should 
be  regarded  as  a  distinct  part  of  the  ‘ventral  striatum' 
(Heimer  &  Wilson,  1975;  Heimer.  1978)  and  not  as 
an  integral  part  of  the  caudatoputamen. 

The  dorsal  caudatoputamen 

Two  aspects  of  the  glutamate-projection  to  the  cau¬ 
datoputamen  should  also  be  briefly  mentioned.  First, 
the  dorsal  part  of  the  caudatoputamen  appears  to 
receive  an  input  of  such  fibres  from  the  contralateral 
frontal  neocortex.  This  confirms  previous  results  from 
this  laboratory  (Divac  et  ai.  1977),  and  is  in  agree¬ 
ment  with  anatomical  studies  in  other  species  (Car¬ 
man,  Cowan,  Powell  &  Webster.  1965;  Kunzle, 
1975).  Second,  a  significant  part  of  the  glutamate 
uptake  in  the  dorsal  caudatoputamen  appears  to  orig¬ 
inate  in  the  caudal  neocortex.  These  fibres  were  not 
found  when  the  whole  caudatoputamen  was  tested 
(Fonnum,  Storm- Mathisen  &  Divac.  1981)  and 
probably  represents  a  restricted  input  to  the  dorsal 
caudatoputamen  only.  This  interesting  projection 
might  possibly  be  involved  in  transferring  information 
from  the  visual  cortex  to  the  basal  ganglia  (Hol¬ 
lander.  Tietze  &  Distel,  1979).  Lastly,  the  dorsal 
striatal  regions  had  considerably  less  residual  gluta¬ 
mate  uptake  activity  than  the  ventral  samples  after 
combined  cortical  denervations  (30-40  pmol/mg  pro¬ 
tein/3  min  vs  80- 100  pmol/mg  protein/3  mia  respect¬ 
ively,  calculated  from  Table  1).  These  ventral  regions 
may  therefore  contain  more  dense  populations  of 
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either  local  glutamate  neurons,  glial  cells  accumulat¬ 
ing  glutamate  (Henn,  Goldstein  &  Hamberger. 
1974)  or  glutamate  fibres  arriving  from  more  ventral 
cortical  regions  (Heimer  &  Wilson,  1975).  In  the  nu¬ 
cleus  accumbens.  injections  of  the  selective  neurotoxic 
compound  kainic  acid,  which  probably  destroys  local 
neurons  but  leaves  afferent  fibres  and  glial  cells  intact, 
decreased  the  glutamate  uptake  significantly  (Walaas 
&  Fonnum.  1979a).  Thus,  this  nucleus  may  contain  at 
least  some  local  glutamate  (or  aspartate-usmg! 


neurons.  However,  some  cortical  neurons  may  also 
have  been  destroyed  by  this  lesion  (Friedle.  Kelly  & 
Moore.  1978;  Wurthele,  Lovell,  Jones  &  Moore. 
1978).  The  origin  of  this  glutamate  uptake  will  there¬ 
fore  require  further  study. 
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PAPER  IV 


the  rrri  c  r  01  i \tr ahiim’ocavipai  kainic  ACID 

INJECTIONS  AND  SlRCilCAL  LI  SIONS  ON 
NH  ROTRANSMITTERS  IN  HIPPOCAMPI  S  AND  SEPTCM 

F  Eossl  M  alld  I  kk  At  AAS 

Norwegian  IX-tenec  Rest-jrch  f  snihlishment  Duoi.-n  tor  t-Hiiuliigs 
PC »  H'"  H  -'«*»'  kicller  N..rw,.i 

fs‘ . .  Ws  I  ,  i  ^ ’ ;(l j  Jr.  Sf..  ]  /  'm 

Abstract  l  .»c.il  inietlion  "!  k.nnie  acid  t2ngl  wav  accompanied  b\  ilcsiruslion  of  intiinsic  neuron. 
hi  the  , Jois.il  pari  ol  hippocampus  The  lesion  was  assonipanicd  b\  a  ~s  reduction  in  glutamate 
deeai  how  lave  actons  a  no  reduation  in  the  high  affirms  uptake  -H  i -glutamate,  a  4U  nil  lediiclion 
in  the  endogeneinis  loci'  ot  asp.irl.itc.  glutamate  and  (IABA  and  no  chargee  in  the  activities  of 
choline  ac  et  \  In  ancle  race  or  aromatic  ammo  acid  decarboxylase  m  the  dorsal  hippocampus  I  rulateral 
destruction  or  neurons  in  the  dorsal  hippocampus  seas  follosced  by  a  20  411"  reduction  in  the  high 
alhiui \  uptake  ol  glutamate  in  lateral,  hul  not  in  medial  seplum  on  both  ides  There  seas  no  reduction 
■  sh.'iiric  awl'  iranslc i as  glutamate  decarhow lase  or  aromatic  amiiii*  acid  decarhoss lase  aclisities 
m  i tie  lateral  or  nedia!  part  o!  the  seplum  Transection  of  hmhria  and  superior  lornis  seas  accompanied 
h\  a  scseic  reduc'  'n  m  choline  acetsltiarisferase  and  aromatic  amino  acid  decarhow  lase  activity 
in  hippocampus  in  the  high  affinity  uptake  of  glutamate  and  in  the  endogenous  lesel  of  glutam  ire 
in  the  lateral  septum  The  results  are  consistent  scith  the  concept  that  in  the  hippocampus  kainic 
acid  slesiioss  inlonsie  neuis'ns  and  not  afferent  fibres  It  seems  therefore  that  all  (rABAcrgis  tores 
in  the  hippocampus  belong  to  intrinsic  neurons  sshereas  glutamergic  and  aspartergie  neurons  belong 
partis  to  local  neurons  The  comic,  ion  from  the  hippi>campus  to  the  lateral  septum  probable  uses 
glutamate  as  a  transmitter 


HlPlhK  sxiim  s  including  the  area  dentata  is  a  rela¬ 
tively  simple  laminated  structure  with  restricted  affer¬ 
ent  fibres  and  less  intrinsic'  cell  1> pes  In  recent  work 
the  localization  of  putative  neurotransmitters  in  affer¬ 
ent  fibres,  has  been  well  documented  The  cholinergic 
structures  are  distributed  in  laminae  (Fusst  si.  |970l 
and  are  dertsed  Irotn  cells  m  the  medial  septum  and 
nucleus  of  the  diagonal  Hand  jLixxts  ft  til.  1967. 
t  )iii  hh  t  ii-Nuss  sis  ir  til.  IU7j|  The  serotonergic  and 
noradrenergic  tihres  arc  of  cxtrahippoeampal  origin 
iSkirm-Maihisi s  &  (it  iDBtRG.  19741.  and  arc  de- 
nsed  from  cells  in  the  median  raphe  nucleus  t  Lori  ns 
\  (it  itiRtRi.  19'4.  Azmiiia  &  Sh.m.  in  pressl  an' 
locus  coeruleus  (Ross  &  Rms.  1974t.  respectively 
Recent  espetiments  also  indicate  that  glutamate 
and  aspartate  mas  function  as  transmitters  in  some 
afferent  fibre  vs  stems  in  hippocampus,  eg  the  perfor- 
mant  path  and  commissural  fibres  iNaihir  ef  u/ 
Iff  Sihrsi-Ms  i  him  v  |9T'| 

It  is  more  difficult  to  obtain  direct  evidence  to  iden- 
t if s  ihe  iiemiiiransniitters  in  intrinsic  neurons  There 
is  sirong  circuin'lanti  •(  evidence  that  GABA  in  htp- 
p  vampus  is  present  in  local  neurons  IStorm-Matii- 
r:v  Iff'dl  and  also  that  glutamate  or  aspartate  mas 
be  the  transmitter  ol  intrinsic  systems  .uch  as  the 


Ibhr,-!  tut  mil .  u.i.i  (  h  A  I  choline  acctsltr.instcr.ise 
(iAI).  glui.im.iic  do.  arhow  l,oc  AAD  aromatic  t  -amino 
.(Cist  dcs.irb.-wl.isc 


moss)  hbres  and  the  Schaffer  collaterals  !(  rawhird 
&  Connor.  I97t.  StoRM-MAtnisi  v  |977| 

Recently  it  has  been  suggested  that  local  injection 
ol  kainic  acid,  a  powerful  glutamate  analogue,  in 
other  brain  regions  destroys  intrinsic  neurons  but  not 
afferent  fibres  iOlniv  rt  til..  1974.  Schwakcz  & 
(out.  1977u  &  b.  FIaTIORI  &  Mt'GlTR.  1977. 
Waiaas  &  Fovnlm.  I97S.  in  pressl  We  have 
therefore  studied  the  effect  of  kainic  ac.d  injection 
on  the  neurotransnulter  candidates  in  hippocampus 
Since  th-  pyramidal  cells  in  hippocampus  project  to 
the  se"ium  (Raisman  et  iff.  I9bhi.  wc  have  compared 
the  effect  of  kainic  acid  in  dorsal  hippocampus  with 
surgical  transection  of  the  hippocampo  septal  fibres 
on  neurotransmitters  in  hippocampus  and  septum 
There  are  only  limited  data  on  localization  of. 
neuroiransmitters  in  septum  iI  iism  m.  |97xi 
The  activities  of  choline  acetsl'ranslcrase  ithAT. 
I(  f  l  I  M  glutamate  decarboxylase  iGAD.  F( 

4  1  I  1 5 1  and  aromatic  t  amino  acid  decarhoss  lase 
1 A  A  0.  F(  4  11  ’XI  have  been  used  as  markers  for 
cholinergic.  G.ABAergic  and  catecholaminergic  fibres 
respectisels  (Ftisvt  M.  I975,||.  while  the  so-called  high 
affinity  uptake  of  l -glutamate  has  been  used  as  a 
marker  for  glutamergic  or  aspartergie  lihies  lYm  M. 
i ■(  iff  1974,  Storm-Maiiiisi  n  197"\  Oi s  xt  ct  til 
1 97"  1 1  \i,-K  arisin  A  I  iism  st  I9~m  Since  i -glu¬ 
tamate  and  i  aspartate  arc  taken  up  into  ssnapto- 
somes  by  the  same  mechanism  iBai<  sk  <V  Iohnsios 
|9’’i.  ammo  acid  analssi.  has  Kvti  used  to  dtfferen- 
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tiate  between  the  effect  on  aspartergic  and  glutamer- 
gic  neurons  (Lund  Karmen  &  Fonni  m.  1978). 

MATERIALS  AND  METHODS 

Albino  male  rats,  weighing  ca  180  g.  were  obtained  from 
Dr  Mollergaard-Hansens  Avlslaboratomim.  Denmark 
Kainic  acid  was  obtained  from  Sigma  C'hem  Co  .  St  Louis, 
USA 

Treatment  of  animals 

The  animals  were  anesthetized  with  a  mixture  of  diaze- 
pam-Hypnorm  and  placed  in  a  stereotaxic  apparatus. 
Kainic  acid  was  dissolved  in  0.9°„  NaCI  (4  mg/ml)  and 
the  pH  adjusted  with  NaOH  to  7.2  Over  a  period  of  I 
min  0.5  jil  was  infused  through  a  hole  in  the  scull  into 
the  dorsal  hippocampal  region  at  coordinates  A  =  +.1.5. 
L  =  2.5.  D  =  +2.5  according  to  Konig  &  Klippel  (19611 
Sham-injected  animals  received  the  same  amount  of  0.9°„ 
NaCI.  In  pilot  experiments,  this  was  found  to  be  without 
elTect  on  the  neurochemical  markers  analysed,  and  unle- 
sioned  animals  were  therefore  routinely  used  as  controls 

The  fornix  lesion  was  performed  with  a  small  scalpel 
2  mm  behind  the  bregma,  lowered  6  mm  from  the  scull 
surface  and  moved  4  mm  laterally  from  the  midline 

Preparation  of  tissue 

The  animals  were  decapitated  after  5  7  days  The  brains 
were  carefully  taken  out  and  transverse  slices  (400  pm)  pre¬ 
pared  with  a  Sorvail  tissue  chopper.  The  injection  site  was 
inspected  macroscopicallv.  and  the  animal  used  if  the  injec¬ 
tion  was  located  within  the  middle  third  of  the  dorsal  hip¬ 
pocampus  Samples  for  analysis  were  taken  from  slices 
Within  I  mm  from  the  injection  site  in  the  rostrocaudal 
direction  while  samples  from  ventral  hippocampus  in  the 
injected  animals  were  taken  Irom  the  same  or  the  adjacent 
slice 

For  distribution  studies,  hippocampus  from  normal  ani¬ 
mals  was  dissected  out.  freed  from  subiculum  and  fimbria, 
and  divided  in  three  equal  parts  The  dorsal  and  ventral 
samples  were  analysed  separately 

The  samples  from  septum  were  taken  from  slices 
8  6-7  2  mm  in  front  of  the  interaural  line  and  dissected 
according  to  KOnig  &  K  LIPPI  t  1 19611  The  medial  sample 
was  taken  dorsal  to  the  level  of  the  commissura  anterior 
It  thus  contained  the  medial  septal  nucleus,  and  a  part 
of  the  nucleus  of  the  diagonal  band 

Biochemical  methods 

The  samples  were  homogenized  in  (M2  M-sucrose  1 2n„ 
w  'vi  in  such  a  way  as  to  preserve  svnaptosomes  (Fonsi  m. 
1975a! 

The  uptake  of  10  "  M-i-glutamate  was  studied  by  incu¬ 
bating  a  5  pi  sample  (10- 1 5  gag  protein!  in  01  ml  Tris 
Krebs  medium  for  1  min  at  25  C  as  previously  described 
(Fonnlm  el  al .  1977)  The  uplake  varied  linearly  with  the 
weight  of  tissue  under  these  conditions 

For  enzvmc  assays  the  homogenate  was  treated  with 
0  2°„  (v  v.  final  cone  !  of  Triton  X-100  ChAT  was  deter¬ 
mined  as  described  by  Fonnvm  (197.56).  A  AD  as  described 
by  Broth  &  Fonnlm  11972)  and  GAD  by  the  method 
of  Albers  &  Brady  (1959)  as  modified  by  Fonnlm  e\  al 
(I977|  Protein  was  determined  bv  the  method  of  Lowry 
et  al.  (1951) 

for  ammo  acid  analysis  the  animals  were  killed  hv 
focussed  microwave  irradiation  for  2  5s  Kit  loom  it  al 


19741  The  samples  were  dissected  out  and  homogenized 
in  200  mM-bicarbonate  acetone  1 1  ll  Amino  acid  content 
in  the  supernatant  was  determined  by  Ihe  dansylation  tech¬ 
nique  using  [JH]dansyl  chloride  and  l4C-labelled  amino 
acids  as  internal  standards  as  described  by  Li  nd  Karlsen 
&  Fonnlm  (19761  The  dansyl  amino  acids  were  eluted 
with  0.75  ml  acetone  acetic  acid  (3:2  v'v).  and  counted  in 
a  Packard  scintillation  counter  Model  1180  fitted  with  an 
absolute  activity  analyser  Model  544  set  for  simultaneous 
determination  of  JH  and  l4C. 

For  histological  stamina.  transverse  sections  (40  pm)  were 
cut  in  a  cryostat,  allowed  to  dry  on  microscope  slides  and 
stained  either  with  thionm  or  for  acetylcholinesterase 
(AChE.  EC  11.1.7)  with  ethopropazine  as  inhibitor  for 
butyrylcholinesterase  (Storm- Mathisfn.  1970) 

Statistical  siqnificance  of  difference  between  dorsal  and 
ventral  hippocampus,  left  and  right  hippocampus  or  left 
and  right  septum  was  assessed  by  the  Wilcoxon  paired 
comparison  test  Comparison  between  lesioned  and 
unlestoned  animals  was  performed  with  the  Wilcoxon  two 
sample  test  (Hodges  &  Lehmann.  19641 

RESULTS 

Previous  work  has  shown  that  biochemical  changes 
after  fimbrial  transection  (Storm- Mathisen.  19721 
and  neuronal  necrosis  after  kainic  acid  injections 
(Schwarc'7  &  Coyle.  1977u.  h)  are  fully  developed 
within  2  5  days.  We  therefore  limited  our  investiga¬ 
tions  to  a  study  of  the  effect  of  these  factors  on  bio¬ 
chemical  parameters  after  5-7  days  Five  days  after 
injection  of  kainic  acid  into  the  dorsal  hippocampus 
a  massive  loss  of  pyramidal  and  granule  cells  was 
found  Figure  1  shows  adjacent  sections  stained  for 
cells  and  for  AChF  from  an  animal  where  the  injec¬ 
tion  was  confined  to  the  lateral  hippocampus.  In  regto 
inferior  and  lateral  parts  of  regio  superior  and  area 
dentata  an  almost  complete  loss  of  cells  was  found, 
while  apparently  norma)  neurons  coula  be  seen  in 
the  medial  part.  In  sections  from  two  other  animals 
(not  shown)  a  complete  loss  of  pyramidal  and  granule 
cells  was  found.  We  assume  that  the  more  diffusely 
localized  Golgi  II  and  basket  cells  were  probably  also 
affected  although  this  cannot  be  properly  seen  in  our 
section  In  contrast,  the  distribution  of  AChE  staining 
did  not  change  on  the  injected  side  The  laminated 
structure  and  intensity  of  the  staining  were  well  pre¬ 
served  (Fig.  Ic) 

Since  our  lesion  was  restricted  to  the  dorsal  hippo¬ 
campus  wc  were  also  interested  in  studying  the  effect 
this  lesion  had  on  the  ventral  hippocampus  Several 
of  the  parameters  differed  between  the  normal  dorsal 
and  ventral  hippocampus  The  activities  of  AAD  and 
ChAT  were  found  to  be  significantly  higher  in  ventral 
hippocampus,  while  GAD  and  glutamate  uptake  were 
more  evenly  distributed  (Table  I) 

Kainic  acid  injection  led  to  a  74°„  decrease  in  GAD 
activity  and  6T’„  decrease  in  glutamate  uptake  under 
high  affinity  conditions  but  left  ChAT  and  AAD  ac¬ 
tivities  intact  (Table  2)  This  lesion  affected  these  par¬ 
ameters  neither  in  the  contralateral  hippocampus 
(Table  2)  nor  in  the  ventral  hippocampus  on  the  in- 


Fig.  I.  A  Thionine-stained  40pm  section  from  dorsal  hippocampus  injected  with  2pg  kaink  acid 
in  the  lateral  part.  B  Thionine-stained  section  from  contralateral  hippocampus.  C  AChE-stained  section 
from  kainate-injected  hippocampus.  D  AChE-stained  section  from  contralateral  hippocampus.  Sections 
C  and  O  are  taken  adjacent  to  sections  A  and  B. 
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TaIIII  I  DlSIRIIH  I  IDS  III  Ml  ROTRANSMITTER  MARKERS  IN  HIPPOCAMPUS 


Dorsal  hippocampus 
(jimol  h  g  protein) 

Veniral  hippocampus 
(jimol  h  g  protein) 

GIij  uptake 

2  66  ±  0  23  (K) 

2.45  +  0. 1 6  ( K ) 

ChAT 

57  +  3  (XI 

74  +  3(81* 

(iAD 

185  ±  (6(61 

206  +  2) (6) 

AAD 

.3  5  +  0  2(61 

5,6  ±  0.3(6)* 

The  results  represent  mean  +  si  m  (number  of  animals) 
•  P  <  0.01. 


Tabli  2.  Tin  i met  of  intrahippocampal  injfction  of  kainic  acid  on 
NFt  ROIRANSMIFTIR  MARKERS  IN  HIPPOCAMPI  S 


Unoperaied 
(pmolh  g  protein) 

Uninjected  side  Injected 

(“„  of  unoperated) 

Glu  uptake 

2  67  ±  0  18(61 

93  ±  8(7) 

.77  +  4  (7)* 

GAD 

192  +  14(101 

102  ±  (7) 

26  ±  4(7)* 

ChAT 

62  +  6(61 

101  ±  6(7) 

90  ±  7(7) 

AAD 

3.7  +  0  2(6) 

103  ±  2(5) 

97  +  3(5) 

The  results  represent  mean  +  si  m  (number  of  animals). 
•  p  <  0.01  compared  to  unoperated  animals. 


jected  side  (C'hAT :  93  ±  12°„.  GAD:  85  ±  7»„.  AAD: 
92  ±  I2"„  and  glutamate  uptake:  80  ±  15“„.  results 
expressed  as  mean  ±  s.e.m  and  are  in  percent  of  ac¬ 
tivities  in  ventral  hippocampus  on  umnjecled  side). 
Amino  acid  analysis  showed  that  the  endogenous 
levels  of  aspartate,  glutamate  and  GABA  were  signifi¬ 
cantly  reduced,  while  alanine,  glycine  and  glutamine 
were  unchanged  (Table  3). 

In  the  septum,  the  glutamate  uptake  under  high 
affinity  conditions  and  GAD  activity  were  concen¬ 
trated  in  the  lateral  part,  the  ChAT  activity  was  con¬ 
centrated  in  the  medial  part,  while  AAD  activity  was 
evenly  distributed  (Table  4).  Following  kainic  acid  in¬ 
jection  into  hippocampus,  the  glutamate  uptake  was 
significantly  reduced  in  the  lateral  septum  on  both 
the  ipsilateral  side  (35”,,  decrease)  and  the  contrala¬ 
teral  side  (23"„  decrease).  The  other  neuronal  markers 
were  unaffected  by  this  lesion  both  in  lateral  and 
medial  septum  (Table  4). 

The  effects  of  destruction  of  cells  in  hippocampus 
by  kainic  acid  injection  was  compared  with  the  effect 
of  cutting  the  afferents  and  efferents  by  surgical  tran¬ 
section  of  fornix 'fimbria.  Following  fornix  fimbria 
lesion.  ChAT  activity  was  decreased  by  90"„  and 
AAD  activity  was  decreased  by  45”„  in  hippocampus 
(Table  5)  GAD  activity  and  high  affinity  glutamate 
uptake  were  unchanged  by  this  lesion  (Table  S).  In 
the  medial  septum,  the  fornix /fimbria  lesion  was  with¬ 
out  effect  on  the  neuronal  markers  (Table  5).  In  the 
lateral  septum,  a  unilateral  fornix  lesion  led  to  a  4fl°„ 
decrease  in  glutamate  uptake  on  the  ipsilateral  side, 
while  a  bilateral  lesion  led  to  a  70”„  decrease  in  gluta¬ 
mate  uptake  (Table  5)  This  lesion  led  to  a  slight  but 
significant  increase  in  ChAT  activity  in  the  lateral  but 
not  medial  septum,  while  GAD  and  AAD  activities 
were  unchanged  (Table  M  Amino  acid  analysis 


demonstrated  a  high  glutamate  concentration  in 
lateral  septum  of  unoperated  animals  (Table  6).  A 
bilateral  fornix  lesion  led  to  a  significant  decrease  in 
the  concentration  of  glutamate,  but  not  of  aspartate, 
glycine.  GABA  or  glutamine  (Table  6). 

DISCUSSION 

The  concept  that  kainic  acid,  the  toxic  glutamate 
analogue,  destroys  cell  bodies  and  not  afferent  fibres 
receives  strong  support  in  this  study.  Thus  ChAT  and 
AAD  in  the  dorsal  hippocampus  were  unaffected  by 
kainic  acid  injection  (Table  2k  but  were  markedly  de¬ 
creased  after  fimbria/fomix  transection  (Lewis  el  ai. 
1967;  Table  4).  On  the  other  hand.  GAD  which  did 
not  decrease  after  a  series  of  lesions  of  afferents  to 
hippocampus  (Storm-Mathisen,  1972).  was  almost 
completely  lost  after  kainic  acid  injection  (Table  2). 
Glutamergtc/aspartergic  fibres  which  have  been  sug¬ 
gested  to  be  partly  of  extrahippocampal  origin 
(Storm-Mathisen.  1977.  Nadler  et  ai.  1976)  were 
partly  destroyed  (Tables  2  and  3). 


Tame  3  Amino  acids  in  hippocampus  aftik  intrahippo- 

CAMPAL  INJECTION  OF  KAINIC  ACID 


Uninjected  side 
(pmol/jig  protein) 

Injected  side 
(°„  of  umnjected) 

Glu 

92.1  ±  10  3 

63  t  7* 

Asp 

14.0  +  2.0 

59  ±  8* 

Gly 

10.3  ±  2.1 

76  ±  10 

GABA 

25.3  +  3  4 

51  ±  97 

Gin 

46.3  ±  6  3 

83  ±  15 

Ala 

7.3  +  15 

82  ±  5 

Results  represent  mean  +  si  w  from  6  animals 

•  P  <  005 
t  P  <  003 
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The  findings  on  cholinergic  structures  in  hippo¬ 
campus  deserve  some  special  comments  In  other 
regions  which  have  been  submitted  to  katnic  acid  in¬ 
jection.  eg  striatum  (McGi  l  r  <Sc  McGfkr.  1976. 
Schwarc/  &  ('out.  1977, i).  retina  (Schwarc/  & 
Cox  1 1 .  I977,  |.  nucleus  accumbens  (Waiaas  &  Fon- 
Nt  si.  in  pressl.  or  in  the  mediobasal  hypothalamus 
(Waiaas  &  Fonntxi.  197X1  and  retina  iLi  nd 
Karlsen  &  Fonni  m.  19761  of  glutamate-treated  ani¬ 
mals.  there  has  always  been  a  dramatic  decrease  in 
ChAT.  One  could  therefore  be  led  to  think  that  in 
cholinergic  neurons  the  excitotoxic  effects  of  katnic 


T  AHI 1 

6  A  Ml  St  I  UIUSIS  1  UIKM  Si  P  tl  M  AMIR  M>RS|\ 

1 1MMRI  \  1  1  SIOS 

I’nlesioned  6 rain 
(pmol  /rg  proteinl 

il  ..  6 

I  esioned  hrain 
r..  of  unlesionedl 

If  4=  5 

Cilu 

1211  4  5  g 

67  * 

Asp 

20  0  ♦  |  6 

9|  t  H 

(ily 

6  7  +  03 

96  +  20 

GABA 

24  0  +  |  4 

*2  ±  ? 

(iln 

5*1  -f  s  2 

ii6  +  r 

Results  presented  as  mean  *• 

•  p  -=  o  no: 


acid  and  glutamic  acid  (Olntv  cr  ai.  1974)  were  not 
restricted  to  cell  bodies  The  present  results  demon¬ 
strate  that  cholinergic  axonal  terminals  are  insensitive 
to  kainic  acid  The  small  decrease  in  ChAT  (I0°„  in 
Table  I)  corresponded  to  the  proportion  of  ChAT 
resistant  to  fimbrial  fornix  transection  (8-16°„  in 
Table  51  and  may  be  due  to  a  small  proportion  of 
cholinergic  cells  with  strong  AChE  staining  in  area 
31’  of  the  molecular  layer  in  regio  superior  (Srebro 
&  Miligren.  1974).  An  additional  finding  in  our  in¬ 
vestigation  was  the  higher  ChAT  activity  in  the  ven¬ 
tral  than  the  dorsal  part  of  hippocampus  (Table  I). 
This  agrees  with  the  more  intense  AChE  staining 
found  in  the  ventral  part  (Mali)  c(  al .  1977) 

AAD  which  did  not  decrease  after  kainic  acid  injec¬ 
tions.  is  present  in  serotonergic  and  noradrenergic 
fibres  which  are  of  extrahippocampal  origin  (A/mitia 
&  Sk.ai .  1978;  Lindvah.  &  Bjorkli  nd.  1974)  After 
transection  of  these  afferent  systems,  however,  a  sig¬ 
nificant  AAD  activity  was  left  in  the  hippocampus 
(Table  4.  Storm-Mathisi  n  &  Goldberg.  1974).  In 
cortex  a  substantial  part  of  AAD  has  been  suggested 
to  be  present  in  capillary  walls  (Kellogg  el  ui.  1973). 
The  present  results  show  that  in  hippocampus  this 
presumed  non-neuronal  AAD  activity  is  resistant  to 
kainic  acid 
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Topographical  studies  of  GAD  activity  in  the  hip¬ 
pocampal  region  have  demonstrated  that  the  enzyme 
activity  is  concentrated  in  the  neuronal  cell  body 
layers  and  in  the  molecular  layers  (Fonncm  &  Storm- 
Mathisi  n.  1969.  Storm-Mathisen  &  Fonni  m,  1971). 
There  is  apparently  no  significant  difference  between 
dorsal  and  ventral  parts  (Table  I ).  The  present  work 
shows  a  large  loss  (Table  4)  of  GAD  and  GABA  con¬ 
comitant  with  the  loss  of  hippocampal  neurons  after 
kainic  acid.  Since  the  loss  of  GAD  was  almost  total 
in  some  cases,  we  assume  that  the  activity  in  both 
cell  body  layers  and  molecular  layers  has  been 
reduced  Taken  together  with  the  previously  reported 
resistance  of  GAD  to  hippocampal  deafferentation 
(Storm-Mathisen.  1972).  these  results  indicate  that 
almost  all  GAD  is  present  in  intrinsic  neurons  in  hip¬ 
pocampus. 

The  fall  in  high  affinity  uptake  of  glutamate  and 
specific  loss  in  endogenous  glutamate  and  aspartate 
levels  after  kainic  acid  treatment  are  consistent  with 
the  possibility  that  intrinsic  neurons  could  use  gluta¬ 
mate  or  aspartate  as  transmitters.  This  has  also  been 
suggested  after  autoradiographic  studies  on  the 
uptake  of  ivaspartate  into  hippocampal  slices  (Taxt 
el  al..  1977)  and  measurement  of  glutamate  uptake 
into  homogenates  from  different  regions  of  hippo 
campus  (Storm-Mathisen,  1977),  Nadler  et  al., 
1976).  These  studies  together  suggest  that  the  putative 
glutamergic  or  aspartergic  neurons  which  are  des¬ 
troyed  by  kainic  acid  could  be  the  granule  cells  which 
give  rise  to  the  mossy  fibres  (Blac  kstad  &  Kjarheim, 
1961),  and  the  CA  3  pyramidal  cells  which  give  rise 
to  the  Schaffer  collaterals  (Hjort-Simonskn.  1973). 
Both  cell  types  were  seen  to  degenerate  after  mtrahip- 
pocampal  kainic  acid  injection  (Fig  I).  The  uptake 
of  glutamate  which  remained  after  this  treatment, 
could  be  due  to  the  terminals  of  the  perforant  path 
which  arises  from  cells  in  enlorhinal  cortex  (Nadler 
el  al..  1976.  Storm-Mathisen.  1977)  A  part  of  the 
uptake  may  also  be  into  glial  elements  (Henn  el  al.. 
1974).  It  has  also  been  suggested  that  the  commissural 
fibres  from  the  contralateral  hippocampus  use  aspar¬ 
tate  or  glutamate  as  transmitters  (Storm-Mathisen, 
1977.  Nadler  el  al..  1976).  However,  rostral  deaffer¬ 
entation  of  hippocampus  did  not  produce  a  signifi¬ 
cant  loss  in  the  glutamate  uptake  when  the  dorsal 
hippocampus  was  tested  (Table  I,  Table  4).  Thus  the 
commissural  fibres  in  this  part  seem  to  represent  only 
a  small  part  of  the  total  part  of  glutamergic  asparter- 
gtc  fibres 

The  pyramidal  cells  in  the  hippocampal  formation 
project  through  fimbria  and  fornix  superior  to  the 
lateral  part  of  the  septum  on  both  sides  (Raisman 
ei  al..  1966.  Swanson  &  Cowan.  1977).  These  fibres 
have  been  reported  to  be  excitatory  (DeFrance  et 
al.,  1973,  McLennan  &  Miller.  1974a).  Our  results 
suggest  that  glutamate  could  be  the  excitatory  trans¬ 
mitter  released  from  these  fibres.  Thus  we  found  that 
high  affinity  glutamate  uptake  was  concentrated  in 
the  lateral  septum  Destruction  of  pyramidal  cells  in 


the  dorsal  hippocampus  by  kainic  acid  injection 
reduced  the  high  affinity  glutamate  uptake  in  lateral 
septum,  but  not  medial  septum,  on  both  sides.  Similar 
results  were  obtained  by  unilateral  fimbrial  transec¬ 
tion.  As  expected  bilateral  fimbria/fornix  transection 
led  to  a  more  pronounced  decrease.  The  effect  on 
surgical  transection  were  similar  to  the  results 
obtained  by  Storm-Mathisen  &  Woxen  Opsahl  (in 
press). 

Since  the  reduction  in  glutamate  uptake  was  only 
slightly  higher  after  unilateral  transection  than  after 
destruction  of  pyramidal  cells  in  the  dorsal  part,  we 
think  that  the  dorsal  hippocampus  must  be  the  most 
important  source  of  these  fibres.  After  bilateral  tran¬ 
section  of  fimbria/fornix  there  was  a  significant  loss 
of  glutamate  but  not  of  the  other  amino  acids  includ¬ 
ing  aspartate  suggesting  that  the  hippocampal-lateral 
septum  connection  uses  glutamate  as  its  transmitter. 

The  regional  differences  found  for  GAD  and  ChAT 
in  septum  are  in  general  agreement  with  results 
obtained  by  the  'punching  technique'  (Tappaz  el  al.. 
1976,  Palkovits  ei  al.,  1974).  Thus  cholinergic  ele¬ 
ments  seem  to  be  concentrated  in  the  medial  part, 
while  GABAergic  elements  are  concentrated  in  the 
lateral  part  (Table  4).  The  increase  in  ChAT  activity 
in  lateral  septum  after  fornix/fimbria  transection 
probably  represents  a  'pile  up’  of  enzyme  in  the  proxi¬ 
mal  parts  of  the  severed  axons  which  arise  from 
medial  septum  as  first  described  by  Lewis  el  al. 
(1967).  Our  results  indicate  that  GAD  in  septum  is 
resistant  to  caudal  deafferentations.  e.g  intrahippo- 
c  am  pal  kainic  acid  (Table  4).  fornix  transection 
(Table  S)  or  complete  hemitranscction  through  the 
globus  pallidus  (Fonnum  et  al..  1977).  Thus  GABA 
seems  to  be  present  mainly  in  intrinsic  neurons.  This 
is  in  agreement  with  electrophysiological  studies 
(McLennan  &  Miller.  19746).  which  indicate  that 
septum  contains  inhibitory  inlcrneurons.  Some  of 
these  neurons  could  use  GABA  as  transmitter. 
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BIOCHEMICAL  EVIDENCE  FOR  GLUTAMATE  AS 
A  TRANSMITTER  IN  HIPPOCAMPAL  EFFERENTS 
TO  THE  BASAL  FOREBRAIN  AND  HYPOTHALAMUS 
IN  THE  RAT  BRAIN 


I.  Wai.aas  and  F.  Fonm  m 

Norwegian  Defence  Research  Fslahlishmenl.  Division  for  Toxicology 
Box  25.  N-2007  Kjeller.  Norway 

Abstract  The  effects  of  bilateral  transection  of  the  fornix  bundle  on  the  high  affinity  uptake  of  gluta¬ 
mate  and  on  the  amino  acid  content  in  several  nuclei  of  rat  forebrain  and  hypothalamus  were  studied  in 
order  to  investigate  the  possible  role  of  glutamate  as  a  transmitter  of  these  fibres.  This  lesion  decreased 
the  high  atfinitv  uptake  of  I -glutamate  by  60  70“.,  in  the  mammillary  body  and  lateral  septum,  and  by 
40  50",  in  (he  anterior  diagonal  band  nucleus,  the  bed  nucleus  of  the  stria  terminal!*,  the  mediobasal 
hvpoihalanuis  and  the  nucleus  accumhens  The  content  of  endogenous  glutamate  in  samples  dissected 
from  free/e-dned  tissue  also  decreased  significantly  in  these  regions.  Fndogenous  aspartate  was  slightly 
decreased  in  the  anterior  diagonal  band  nucleus  and  the  mammillary  body,  but  unchanged  in  the  other 
regions  No  significant  changes  were  seen  in  the  levels  of  serine.  . -aminobutyric  acid,  glutamine  and 
taurine,  except  for  an  increase  in  glutamine  and  taurine  in  the  bed  nucleus  of  the  stria  terminalis.  The 
high  affinity  uptake  of  .-aminobutyric  acid,  tested  in  the  bed  nucleus  of  the  stria  terminalis.  the  medio¬ 
basal  hypothalamus  and  the  mammillary  body,  was  unchanged  after  the  lesion 

The  results  indicate  that  allocortic.il  efferents  innervating  subcortical  nuclei  through  the  fornix  might 
use  glutamate  as  a  transmitter.  The  study  further  supports  the  concept  that  glutamate  plays  an  impor¬ 


tant  role  as  transmute!  of  several  different  corticol 


Rk  int  anatomical  studies  in  rodent  brain  have 
demonstrated  that  most  of  the  corticofugal  fibres  rn 
the  fornix  bundle  originate  in  the  pyramidal  cells  in 
the  subiailum  and  terminate  ipsilalerally  in  the  sep¬ 
tum.  basal  forebrain  nuclei  and  the  hypothalamus 
(Sw  anson  &  Cow  an.  1977.  Ml  irac  ii  &  Slit.t  t  . 
1977).  |n  addition,  some  tibres  which  distribute  bila¬ 
terally  to  the  lateral  septum  arise  in  the  pyramidal 
cells  in  the  CAJ-CAI  regions  of  the  hippocampus 
proper  (  A Niimsi  n.  Bi  and  &  Dt  dar.  197  V  Sw  anson 
<ft  Cowan,  1977|,  f  lic  maiortly  of  both  types  of  fornix 
tibres  appear  to  release  an  excitatory  transmitter,  as 
found  in  both  the  septum  (MvLinnan  &  Mil  hr. 
1974.  DiFranii.  Kiwi  &  SmxtoNo.  1977).  the  nu¬ 
cleus  accumhens  tl)i  I  r  vni  i  &  Yoshihara.  1975)  and 
the  rostral  part  of  the  diagonal  band  nucleus  iHih- 
hard.  Mil  t  s  <Sc  Siri  1 1.  I97di  In  agreement  with  this, 
stimulation  of  the  hippoeampus  or  the  subieulum  in¬ 
creases  the  metabolic  activity  in  the  nuclei  innervated 
by  the  fornix  tibres  (Knot  &  Pot.i  rrt.  1979) 

The  identity  of  the  neurotransmitter  responsible  for 
these  effects  has  long  remained  unknown  However, 
we  have  recently  demonstrated  that  destruction  of 
hippocampal  pyramidal  cells  or  their  axons  in  the 
fornix  bundle  selectively  decreased  both  the  high  affi¬ 
nity  uptake  of  glutamate  and  the  content  of  endoge¬ 
nous  glutamate  in  the  lateral  septum  and  the  nucleus 
accumhens.  thus  indicating  (hat  this  excitatory  amino 
acid  (Ci  rtis.  I97t);  Corns  &  Johnston.  1974)  could 

4M>rri  union  (i  ABA.  -.irmnobiilyratc 


g.il  fibre  systems  in  mammalian  brain 


be  the  transmitter  released  by  these  fibres  (Fonm  m  & 
W xt  a  as.  !97)i.  Wvi  v  as  &  Fonmm.  I979i/|.  Similar 
results  have  been  obtained  by  other  workers  (Siorm- 
Mathisi  n  &  Opsahi.  197k ;  NtTSi  h.  Kim.  Shimada  & 
Okada.  1979.  7.a<yik.  FIidriin  &  tout.  1979 >. 
Furthermore,  release  of  t>-[  'HJaspartale  after  specific 
stimulation  of  the  htppocampo  septal  fibres  also  sup¬ 
port  the  view  that  glutamate  is  the  transmitter  in  the 
latter  fibres  (MAt.THr-SoRFNSSEN,  Skrtitp  &  Fonm  m. 
19801 

The  present  study  has  extended  these  observations. 
In  an  effort  to  identify  the  putative  transmitter  of  the 
tibres  in  the  fornix,  the  high  affinity  uptake  mechan¬ 
isms  of  glutamate  and  ,  -aminohutyrate  (GABAl  and 
the  concentration  of  several  endogenous  amino  acids 
were  analysed  in  some  of  the  other  target  nuclei  ol  the 
fornix  bundle,  in  unoperated  rat  brain*  and  .n  brains 
with  a  bilateral  fornix  transection.  The  regions  ana¬ 
lysed  included  the  anterior  part  of  the  nucleus  of  the 
diagonal  hand,  the  bed  nucleus  of  the  stria  terminalis. 
the  mediobasal  hypothalamus  and  the  mammillary 
body,  as  well  as  the  lateral  sepiunt  and  the  nucleus 
accumhens.  Some  preliminary  results  have  been 
presented  iFonni  m.  Lt  nd-Kari.si  n.  Maithi-Sor- 
INSSIN.  SKRIDI  &  W \|  A  AS.  19791. 

I  \PI  RIMI  VI  U  PRCKT  Dl  R!  S 

tfdli'rld/s 

I  -[2  V'H  jglul.imic  acid  t22  5  Ci  mmol  I  was  (tom  New 
Ingland  Nuclear.  Boston,  and  ft  -'*t  ]  anitnohmyiic 
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acid  (GABA)  (224Ci/mol)  was  from  the  Radiochemical 
Centre.  Amersham.  England.  Male  Wistar  rats,  180-210  g 
body  wt,  were  from  Mollergaard.  Denmark  Other  chemi¬ 
cals  were  commercially  obtained. 

Surgical  operation 

The  rats  were  anaesthetized  with  diazepam  and  a  mix¬ 
ture  of  fentanyl  citrate  and  fluanisone  (Hypnorm  vet. 
Mekos;  W  ala  as  &  Fonnum.  1980),  and  placed  in  a  stereo¬ 
tactic  frame  after  Konig  &  Klippel  (1963).  A  coronal  slit 
was  made  in  the  skull  with  a  dental  drill  64  mm  in  front  of 
the  interaural  line,  and  the  fornix  bundle  was  transected 
bilaterally  with  a  small  scalpel  which  was  lowered  6  mm 
from  the  skull  surface  and  moved  2  mm  laterally  from  the 
midline  (Walaas  &  Fonnum,  1979a). 

Sample  analysis 

For  uptake  studies,  the  operated  animals  together  with 
unoperated  controls  were  decapitated  7  10  days  after 
lesion,  and  04-0.6mm  frontal  slices  were  prepared  in  the 
cold  room  with  a  Sorvall  tissue  chopper  The  extent  of  the 
lesions  were  controlled  visually,  and  the  regions  under 
study  were  dissected  with  razor  blade  splints  under  micro¬ 
scopic  guidance  (Fig.  1).  The  sample  from  Ihe  bed  nucleus 
of  the  stria  terminalis  contained  both  the  dorsal  and  ven¬ 
tral  parts  of  the  nucleus  and  also  some  tissue  from  the 
anterior  commissure-bundle  The  mediobasal  hypothala¬ 
mus  sample,  taken  between  the  optic  chiasm  and  the  pitui¬ 
tary  stalk  contained  the  whole  arcuate  nucleus,  the  median 
eminence  and  a  medial  part  of  the  ventromedial  nucleus 
The  mammillary  body  was  taken  caudal  to  the  origin  of 
the  pituitary  stalk  The  samples  were  homogenized 
(2°„  w/v)  in  cold  0  32  m  sucrose.  pH  7  4  with  ten  strokes  in 
glass-Teflon  homogeni/ers.  and  premcubated  in  buffer 
(Fonnum.  Waiaas  *  Ivirsln.  I977i  at  25  <  for  10 min 
[’H]glutamate  (final  cone  10  Ml  and.  in  some  experi¬ 
ments.  [l*C]GABA  ( final  cone  10  "mi  were  added,  and 
the  incubation  was  stopped  after  3  mm  by  means  of  rapid 
filtration  as  described  iFonm  M.  Siokv  Malhisin  & 
Divai,  19g0l  The  amounts  of  labelled  glutamate  and 
GABA  accumulated  in  the  tissue  were  analysed  by  liquid 
scintillation  spectrometry  in  a  Packard  Truarb  Uxt)  luted 
with  an  absolute  act  in  it  y  analyser  >et  for  simultaneous  de¬ 
termination  of  f  *H]  and  [  ,4('l  l  nder  the  conditions  used, 
uptake  activity  was  proport  onal  to  amount  of  tissue 
(Walaas  &  Fonni  w  WNui  Ihe  content  of  protein  in  the 
homogenates  was  analysed  by  the  I  owtv  Method  il  ovary 
Rosebrough.  Farr  &  Randaii.  I9Mi 

For  ummo  iuui  umj/vuv  operated  and  unlesioned  ani¬ 
mals  were  decapitated,  and  the  brains  rapidly  removed  and 
frozen  on  a  microtome  chuck  with  a  CO;  ict  Time  interval 
between  death  and  completion  of  the  freezing  was  usually 
I  l$m»n  Frontal  40jim  sections  from  the  tel-  and  dien 
cephalon  were  then  cut  in  a  cryostat  at  16  C  lyophili/cd 
and  stored  as  described  (Fonm  m  Storm  Maihisin  & 
Walberg.  1970  The  samples  were  dissected  under  a 
stereomicroscope  as  indicated  in  Fig  I.  except  for  the 
sample  from  the  bed  nucleus  of  the  stria  terminalis.  which 
consisted  of  the  dorsal  and  posterior  parts  of  the  nucleus 
only  The  dissected  tissue  from  one  nucleus  was  pooled 
into  2  '  samples  and  weighed  on  a  Mettler  microbalance 
HO  50jjg  dry  weight  per  pooled  samplcl  The  amino  acids 
were  extracted  by  homogenization  in  .?  V’,.  trichloroacetic 
acid  In  addition  the  homogenate  was  frozen  and  thawed 
once  Norleucine  or  r>t  ,  aminoadipic  acid  was  added  as 
internal  standards  Trichloroacetic  acid  was  then  extracted 


with  water-saturated  diethylether,  and  the  samples  were 
analysed  in  an  automatic  amino  acid  analyser  (Kontron 
Liquimat  III)  as  described  (Fonnum  el  ai,  1980) 
Comparison  between  operated  and  unlesioned  animals 
was  performed  with  the  non-parametric  Wilcoxon  two- 
sample  test. 


RESULTS 

Effect  of  lesions  on  hiyh  affinity  uptake  process  for 
L -glutamate 

In  unlesioned  brains,  the  capacity  for  high  affinity 
uptake  l -glutamate  was  concentrated  in  the  lateral 
septum  and  nucleus  accumbens.  with  lower  activity 
found  in  the  mammillary  body,  the  bed  nucleus  of  the 
stria  terminalis.  the  anterior  diagonal  band  nucleus 


Fic.  1  Schematic  drawing  of  coronal  sections  from  rat 
hr  air  modified  after  Konii.  &  Klimt  (19631.  Outline  of 
dissected  samples  indicated  on  left  side  by  hatched  regions 
On  right  side  is  approximate  outline  of  brain  nuclei 
Numbers  indicate  distance  in  front  of  interneural  line  in 
urn  n  Abbreviations  Ac.  nucleus  accumbens.  CA.  anterior 
commissure.  BST.  bed  nucleus  of  the  stria  terminalis;  Ar, 
nucleus  arcuatus.  (X\  corpus  callosum:  CP.  caudatoputa- 
mcn.  F.  fornix.  FT I.  hippocampal  formation;  MS.  medial 
septum.  IS.  lateral  septum.  OT.  olfactory  tubercle;  TOL. 
lateral  olfactory  tract.  TO.  diagonal  band  nucleus,  TO, 
tractus  opticus.  YM.  nucleus  vcntromcdiahs  hypothalami. 
ME.  median  eminence.  MB.  mammillary  body .  MT.  mam- 
millothalamic  tract.  PC.  cerebral  peduncle 
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22.x  1 3  2  isi 

57  »  4*1 10) 

525  t  21 

82  +  1 5 (4) 

Mammillan  bod> 

2^7  -  5^i5i 

55  i-  4*i5i 

24.1  -  5.5(5) 

40  r  14(5| 

Results  prcscntcil  as  mean  *  SI  M  (number  of  animals  each  JssaiCvl  in  triplicate) 
Statistical  siitnilieanee  */’  ■  Oil’ 
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aeul  analysis  indicated  that  the  content  of  both  gluta¬ 
mate  and  glutamine  was  highest  in  the  nucleus 
aeeumbens  and  lateral  septum,  followed  by  the  dorsal 
part  of  the  bed  nucleus  of  the  stria  terminalis.  the 
mediobasal  hypothalamus.  the  mammillary  body  and 
the  anterior  diagonal  band  l  iable  .1  Aspartate  was 
more  evenly  distributed  G  ABA  was  highly  concen¬ 
trated  in  the  diagonal  band  nucleus  and  the  lateral 
septum,  followed  b\  the  nucleus  aeeumbens  and  bed 
nucleus  of  the  stria  teimmahs  However.  these  high 
a  allies  might  be  too  high  as  a  result  ol  the  high  activity 
ol  the  sMithetie  en/ime  glutamate  decarboxylase  to 
be  present  in  these  nuclei  iTaI’I’a/.  Brownstiin  & 
PvltcOVMIZ.  I '*■’(>.  I  (ISM  M  el  ill.  1977.  FoNNt  M  ic 
\\  \i  a  as.  pi'si  (  ottsiderahle  amounts  of  taurine  and 
set  me  wete  also  lound  in  these  regions  [Table  2l 

Alter  bilateral  loinix  transection,  the  actmty  of  the 
high  affinity  glutamate  uptake  decreased  by  60  70"  , 
m  the  mammillary  body  and  the  lateral  septum  and 
In  40  sit  in  the  nucleus  aeeumbens.  the  anterior 
pan  of  the  diagonal  band  nucleus,  the  bed  nucleus  of 
the  stria  terminalis  and  in  the  mediobasal  hypothala¬ 
mus  liable  It.  I  he  uptake  ol  GABA  which  was 
assayed  simultaneously  with  the  glutamate  uptake  in 
some  experiments  did  not  decrease  significantly  in 
any  ol  the  regions  studied 

I  Hn  i  at  It  sinus  on  a  hi  uni  ul  i7ii/oi/i’)ioij.s  timino  ueult 

I  he  lesion  also  induced  changes  in  the  endogenous 
ammo  acids  Glutamate  concentration  decreased  sig¬ 
nificantly  in  all  regions,  most  heavily  in  the  septum 
i  40"  i  and  least  pronounced  in  the  diagonal  band 
i  I  AM  Aspartate  concentration  decreased  signifi¬ 
cantly  m  the  diagonal  band  and  mammillary  body, 
but  not  in  the  septum,  hypothalamus,  nucleus  accum- 
bens  and  the  bed  nucleus  of  stria  terminalis  (Table  }|. 
Glutamine  and  taurine  concentration  were  signifi¬ 
cantly  incieased  in  the  bed  nucleus  of  stria  terminalis. 
but  unchanged  m  the  other  nuclei  Serine  and  G  ABA 
concentrations  were  unchanged  in  all  regions 
l  I  able  0 


The  results  support  the  use  of  the  high  affinity 
uptake  mechanism  of  t -glutamate  and  analy  sis  of 
endogenous  amino  acid  levels  as  means  of  the 
identifying  nerve  fibres  using  L-glutamate  or  t -aspar¬ 
tate  as  transmitters  (Yen  set.  Ostfr-Granitf.  Hfrn- 
ix is  &  Snydi  r.  1474;  Divac  .  Fonni  m  &  Storm- 
M  A  THlSt  N.  1477;  LLNO-KaRLSFN  &  FONNI  M.  1978. 
Fdnntm  &  Wai  aas.  1 4^8 ;  Wai.aas  &  Fonni  m. 
I474,/.  Fonni  M  el  ul..  1980).  Furthermore,  they  con¬ 
firm  our  previous  suggestion  that  glutamate  is  the 
mam  neurotransmitter  in  the  neo-and  allo-corticofu- 
gal  fibres  (Fonni  m  el  til.  1474).  Some  further  points 
also  deserve  comments. 

Mt  ihniltilihlitiil  (oitvir/i  iiiitonv 

Our  previous  studies  have  demonstrated  that  the 
ammo  acid  uptake  mechanisms  present  in  crude  su¬ 
crose  homogenates  predominantly  represents  neuro¬ 
nal  uptake  (review  Fonni  m  el  ul..  1479).  However,  the 
uptake  mechanism  for  t  -glutamate  does  not  dis¬ 
tinguish  between  putative  glutamate  and  aspartate¬ 
using  fibres  (Bak'ar  &  Johnston.  1972;  Lino- 
Karisfn  &  Fonni  m.  1978.  F'onntm  el  ul..  19791. 
Selective  changes  in  aspartate  glutamate  levels  have, 
however,  been  found  in  both  the  neostriatum  and  tha¬ 
lamic  nuclei  as  well  as  in  the  lateral  septum  and  the 
nucleus  aeeumbens  after  denervations  (Kim.  Hassi.fr. 
Hah;  &  Pair.  1977;  Ltno-Karisfn  &  Fonni  m. 
1978;  Fonni  m  &  W  ala  as.  1978;  Walaas  &  Fonni  m. 
I974u:  Fonni  M  ct  ul..  1980). 

In  some  studies  (Wai.aas  &  Fonni  m.  I474ul. 
focused  microwave  irradiation  was  used  to  achieve 
rapid  termination  of  possible  post-mortem  changes  in 
the  endogenous  amino  acid  concentrations.  However, 
in  preliminary  studies  with  samples  from  the  bed  nu¬ 
cleus  of  the  stria  terminals,  this  fixation  method  was 
found  unsuitable  for  the  present  study.  Instead,  tt  was 
decided  to  use  rapid  decapitation  followed  by  freezing 
with  a  C  (T ; -tel  for  the  amino  acid  analysis  This 
method,  which  allows  preparation  of  freeze-dried 
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sections.  ami  thus  facilitates  the  precise  ill-. section  of 
the  samples  ifossiM  r:  til..  1470;  19771.  is  not 
expected  to  inlluence  greatl.  the  concentration  of  glu¬ 
tamate  since  the  concentration  of  tilts  amino  acid 
appeals  to  be  relatively  stable  in  the  rat  brain  post 
hum  lent  tB  vi  t  ii\|.  It  \ox  .Sc  Ml  xt  Kill  >tl.  19761  How- 
cxci.  it  is  not  possible  to  ascertain  the  GABA  concen- 
tralum  reliably  unit  this  method,  due  to  the  rapid 
post-mortem  increase  m  the  level  of  this  amino  acid 
iBxu  t>\t.  l.t  sox  A:  Mi  vt  khoi  t.  1 1>"75 :  Van  Dir  Hi  x- 
din  Dt  ktoi  t.  Kori  &  ViRSTMii.  I479|  The  GABA 
levels  leported  in  the  present  work  are  therefore  prob- 
ahlv  higher  than  the  amount  of  GABA  present  in  the 
tissue  in  nn>  iBakom  el  cl/..  1975;  Fosnlm  & 
W  vi  vas.  1978 ;  Waiaas  &  Fossi  m.  1978;  1979u). 
However,  as  all  brains  were  treated  similar!},  com¬ 
parison  between  the  GABA  concentrations  tn  corre¬ 
sponding  regions  from  tinoperuted  and  lestoned  ani¬ 
mals  is  ptobably  permissible  The  lack  of  significant 
changes  in  G  ABA  level  agrees  with  the  lack  of  effect 
■  mi  the  G  \H  \  uptake 

IJcnlin  <>/  lilt  liiinsiiiil/ei  111  die  /nnux  fibres 

(he  nuclei  analysed  in  the  present  study  all  seem  to 
receive  excitatory  allocorttcal  fibres  through  the  for¬ 
nix  and  or  fornix  superior,  as  nidged  from  anatomical 
and  phvstologtcal  studies  iRaisman.  Cowan  &  Povx- 
tii.  1 466;  Swanson  i  Cowan.  1977.  MllBvcH  & 
Slltat.  19".  AndirsIN  ef  ill..  197V  McLlNNAN  & 
Mn  hr.  1974.  Hi  iitixRii  ei  ill..  I979t  Furthermore, 
the  nuclei  display  a  very  high  ci'ncentratton  of  gluta¬ 
mate.  whereas  aspartate  did  not  correspond  to  more 
lit, in  77  55  .  o!  the  glutamate  concentration.  It  is 
therefore  important  that  the  only  consistent  and  sig¬ 
nificant  neurochentical  change  in  all  these  nuclei  after 
axotomv  of  the  fornix  fibres  was  a  considerable  de¬ 
crease  in  both  the  high  affinity  uptake  of  glutamate 
and  in  the  tissue  concentration  ol  glutamate  In  the 
dtagi>n.d  band  nucleus  and  in  the  mammillary  body  a 
small  decrease  in  the  level  ol  aspartate  was  also  seen 
I  he  otlte1  ammo  acids,  including  GABA,  and  the 
<i\B\  uptake  activity  did  not  decrease  significant!} 
alter  this  lesion  in  all}  region 

I  hus.  glutamate  is  the  onl}  ammo  acid  transmitter 
candidate  consistent!}  associated  with  these  eorticofu- 
gal  tihies  We  therefore  suggest  that  the  majority  of 
these  allocorttcal  efferents  use  this  amino  acid  as 
ti.iiismitter  .Minor  contingents  of  aspartate  fibres 
might  also  terminate  in  the  diagonal  band  or  the 
mammilla!}  body  However,  the  ver}  small  absolute 
decrease  in  aspartate  levels  alter  lesions  compared  to 
the  decrease  in  glutamate  levels  indicates  that  the 
number  ol  putative  aspartate  fibres  probably  is  very 
small  Alternative!},  the  decrease  in  aspartate  levels 
might  be  an  unspecific  effect  following  the  glutamate 
denerv  anon 

f’ossihfc  /inn  iiiuhil  implications 

I  liesc  conclusions  extend  previous  studies  on  the 
input  to  the  septum,  the  nucleus  accumbcns  and  the 


mammtllarv  bod}  (Fonni  m  &  Wasaas.  I478,  Niorvi- 
Maihisin  Ac  Opsahl.  1978.  Sitsi  it  o  ul.  I47-; 
Waiaas  &  Fonnpm.  1979u.  Za<  /ik  ct  til.  14741.  and 
some  aspects  of  these  glutamate  projections  have  been 
discussed  previously  (Waiaas.  19X0u.h.  Malihi- 
SoRt  Nsst  N,  Oddi  n  &  VValaas.  19801.  In  contrast,  the 
identification  of  glutamate  fibres  to  the  anterior  diag¬ 
onal  band  nuclei...  the  bed  nucleus  of  the  stria 
termtnalis  ?r  1  d.v  mediobasal  hypothalamus  deserves 
some  cornu.. ui 

The  nuclei i'  o;  the  iluii/ontil  huml.  This  contains  a 
dense  collection  of  acetylcholinesterase-positive 
neurons  (Jacobowit/  &  Palkuvmi/..  I974|.  which 
project  to  the  frontal  cortex,  septum  and  hippo¬ 
campus  (Divac.  1975;  MaITHI-SorfnssI  n  et  ul. 
1980).  The  present  study  indicates  that  this  nucleus 
might  receive  glutamate  fibres  from  the  hippocampal 
formation.  However,  these  fibres  apparently  terminate 
only  in  the  rostral  part  of  the  diagonal  band  nucleus, 
as  the  glutamate  uptake  in  samples  from  more  caudal 
parts  of  the  nucleus  was  unchanged  after  fornix  lesion 
(results  not  shown).  Thus  these  results  are  in  agree¬ 
ment  with  electrophysiological  investigations  in  the 
cat  brain,  which  have  shown  that  excitatory  fornix 
fibres  terminate  in  the  anterior  but  not  the  posterior 
diagonal  band  nucleus  (Hi  bbard  ei  ul.  19791  The 
identity  of  the  diagonal  band  neurons  receiving  this 
glutamate  input  is  uncertain.  However,  destruction  of 
hippocampal  and  subtcular  neurons  changes  the 
acetylcholine  level  and  choline  uptake,  but  not  the 
activity  of  choline  acetyltransferase  in  the  hippo¬ 
campus  iSihw  arc /.  Zac/FK  &  Coxu.  1978;  Zac/fk 
ei  ul..  1979).  This  may  be  explained  by  an  excitatory 
input  from  the  hippocampus  regulating  the  activity  of 
cholinergic  cell  bodies  projecting  to  the  hippocampus. 
These  cells  originate  mainly  in  the  nucleus  of  the 
diagonal  band  (Shift  &  Ltwts.  1967.  Mai.thf- 
Sorinssin  of  ul.  1980).  It  is  therefore  tempting  to 
suggest  that  some  of  the  glutamate  fibres  reported  in 
the  present  study  may  be  responsible  for  regulation  of 
the  cholinergic  cell  bodies. 

The  he<l  nucleus  o)  the  s/riu  lermimilis.  The  results 
on  this  nucleus  expand  the  already  considerable 
number  of  transmitter  candidates  present  in  this  nu¬ 
cleus  Previous  work  has  demonstrated  high  concen¬ 
trations  of  GABA  and  high  activity  of  glutamate 
decarboxylase  in  this  nucleus  (Bin-Ari.  Kana/awa 
&  ZlGvioND  1976.  Waiaas  &  Fonni  w.  I979hi.  and 
some  of  these  GABA-conlatnmg  fibres  appear  to 
arrive  through  the  stria  termtnalis  iLfCiai  LaSali.i, 
Paxinos.  Fmson  &  Bin-Ari.  1978).  Due  to  the  prox¬ 
imity  of  the  fimbria  fornix  and  the  stria  terminalis.  we 
found  it  difficult  selectively  to  lesion  one  of  these 
bundles  without  affecting  the  other  tWvt  aas  &  Fon¬ 
ni  \i.  |974ui  However,  no  evidence  for  a  destroyed 
GABA  input,  i.e.  a  lestoned  stria  termtnalis.  was 
found  in  any  of  the  animals  used  in  the  p  esent  study, 
as  measured  by  GABA  content  and  GABA  uptake.  In 
contrast,  the  glutamate  content  and  uptake  decreased 
significantly  in  all  animals.  Most  of  the  glutamate 
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fibres  reaching  the  bed  nucleus  therefore  appear  to 
travel  in  the  fornix  However,  it  cannot  be  excluded 
that  some  glutamate  fibres  also  could  arrive  through 
the  stria  terminalis. 

The  hypothalamus.  Most  of  the  allocortical  fibres 
from  the  hippocampal  formation  to  the  hypothala¬ 
mus,  which  travel  in  the  medial  corticohypothalamic 
tracts,  pass  rostrocaudally  through  the  hy  pothalamus 
between  the  arcuate  and  ventromedial  nuclei  (Swan¬ 
son  &  Cowan,  1977;  Meibach  &  Siegal.  1977) 
Neurons  in  this  part  of  the  mediobasal  hypothalamus 
are  sensitive  to  glutamate-application  (Gfller.  19761 
and  newly  synthesized  glutamate  is  released  from  this 
region  in  riiv  (Meeker  &  Myers.  1979).  The  neurons 
in  the  arcuate  nucleus  are  very  sensitive  to  the  neuro¬ 
toxic  effects  of  the  parenteral  administration  of  gluta 
male  (Olney.  1979:  Waiaas  &  Fonnim.  1978).  and 
destruction  of  these  neurons  leads  to  gross  endocrino¬ 
logical  abnormalities  (Olney.  1979;  Redoing. 
SCHALLY.  ArIMIRA  &  WaKOBOYASHI.  1971.  NaGA- 
sawa.  Yanai  &  Kikuyama.  19741.  Also,  application  of 
non-toxic  doses  of  glutamate  or  glutamate-analogs  to 
the  mediobasal  hypothalamus  leads  to  rapid  changes 
in  the  release  pattern  of  the  pituitary  gland  (Oiniv. 
1979).  Thus,  glutamate-neurotransmission  may  be  im¬ 
portant  in  hypothalamic  function.  The  present  results 


demonstrating  selective  decreases  in  bolh  the  gluta¬ 
mate  uptake  and  content  after  transection  of  the  for¬ 
nix  fibres  to  the  hypothalamus  indicate  that  these 
fibres  provide  a  major  part  of  the  glutamate  inner¬ 
vation  in  the  mediobasal  hypothalamus  They  may 
thus  be  important  in  the  expression  of  endocrine  func¬ 
tions  initialed  m  the  hippocampal  formation  (A/mmia 
&  Conrad.  1976;  Kniggi  &  Haves.  196.1;  Vijasco 
&  Taiiisnik.  19691. 

Conclusions 

The  present  study  indicates  that  the  fornix  bundle 
in  the  rat  hiain  distributes  massive  projections  of 
putative  glutamate-containing  fibres  to  the  septum, 
the  basal  telencephalon  and  the  basal  hypothalamus 

few  aspartate-containing  fibres  may  also  enter  the 
anterior  diagonal  band  nucleus  and  the  mammillary 
body.  These  results  thus  expand  the  already  consider¬ 
able  list  of  cortieofugal  fibres  which  probably  use  an 
acidic  amino  acid  as  neurotransmitter  (Fonni  vt  et  a/.. 
1979:  Wai  a.as.  19806). 


■UknoHleJiiemvnts  We  thank  l.iv  I  iiassis  and  Fvv  IviR- 
sis  for  technical  assistance,  and  P  J  k  crisis  for  prep¬ 
aration  of  litures 
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SUMMARY 

The  localization  of  cholinergic,  aminergic  and  amino  acid-ergic  neurones  in  the 
mediobasal  hypothalamus  has  been  studied  in  normal  rat  brain  and  in  brains  where 
neurones  in  nucleus  arcuatus  were  destroyed  by  repeated  administration  of  2  mg.g 
body  weight  monosodium  glutamate  to  newborn  animals.  In  normal  animals  acetyl¬ 
cholinesterase  staining,  choline  acetyltransferase  and  aromatic  L-amino  acid  decar¬ 
boxylase  were  concentrated  in  the  median  eminence  and  the  arcuate  nucleus. 
Glutamate  decarboxylase  was  concentrated  at  the  boundary  between  the  ventromedial 
and  the  arcuate  nuclei,  with  lower  activity  in  the  arcuate  nucleus  and  very  low  activity 
in  the  median  eminence.  Nucleus  arcuatus  contained  an  intermediate  level  of  high 
affinity  glutamate  uptake. 

In  the  lesioned  animals,  there  were  significant  decreases  in  choline  acetyltransfer¬ 
ase,  acetylcholinesterase  staining  and  glutamate  decarboxylase  in  the  median  emi¬ 
nence.  whereas  choline  acetyltransferase  activity  and  acetylcholinesterase  staining,  but 
not  glutamate  decarboxylase  activity,  were  decreased  in  nucleus  arcuatus.  Aromatic  L- 
amino  acid  decarboxylase  was  unchanged  in  all  regions  studied.  The  high  affinity 
uptakes  of  glutamate,  dopamine  and  noradrenaline,  and  the  endogenous  amino  acid 
levels  were  also  unchanged  in  the  treated  animals. 

The  results  indicate  the  existence  of  acetylcholine-  and  GABA-containing  ele¬ 
ments  in  the  tuberoinfundibular  tract.  They  further  indicate  that  the  dopamine  cells  in 
the  arcuate  nucleus  are  less  sensitive  to  the  toxic  effect  of  glutamate  than  other  cell 
types,  possibly  because  they  contain  less  glutamate  receptors. 


INTRODUCTION 

The  systemic  administration  of  high  doses  of  monosodium  glutamate  to 
newborn  animals  leads  to  neuronal  necrosis  in  several  brain  regions,  most  consistently 


s 


72 


550 


in  the  nucleus  areuatus  of  the  mediobasal  hypothalamus*1-*-®4.  In  this  nucleus,  which 
through  its  connections  to  the  median  eminence17  constitutes  an  important  neuro¬ 
endocrine  center,  80  90“„  of  the  local  neurones  are  destroyed  after  administration  of  2 
mg/g  body  weight  of  glutamate  (GLU):!;.  In  contrast,  glial  cells  and  axons  passing 
through  the  nucleus  are  left  intact,  and  the  neighbouring  ventromedial  nucleus  is 
completely  unaffected".  The  GLU-indueed  lesion  is  thus  of  remarkable  selectivity, 
and  seems  well  suited  for  studies  of  the  anatomical  and  neurochcmical  organization  of 
connections  in  mediobasal  hypothalamus. 

The  aim  of  the  present  investigation  was  to  utilize  the  toxic  effect  of  GLU  as  a 
tool  for  studying  the  localization  of  putative  neurotransmilters  in  mediobasal  hypo¬ 
thalamus.  Choline  acetyltransferase  (C'hAT.  E.C.  2.3. 1.6).  glutamate  decarboxylase 
(GAD.  E.C.  4.1. 1.15)  and  aromatic  L-amino  acid  decarboxylase  (AAD,  E.C. 
4.1.1.26)  were  studied  in  microdissected  freeze-dried  sections  from  rat  hypo¬ 
thalamus.  Acetylcholinesterase  (AChE.  E.C.  3. 1.1.7)  was  examined  by  histo- 
chemical  staining.  The  relative  abundance  of  noradrenaline  (NA)  and  dopamine 
(DA)  fibres  in  the  arcuate  nucleus  and  median  eminence  was  estimated  by  measuring 
the  high  affinity  uptake  of  these  amines,  finally,  the  localization  of  putative  amino 
acid  transmitters  was  investigated  by  measuring  the  high  affinity  uptake  of  GLU  and 
by  amino  acid  analysis.  Part  of  this  work  has  been  presented  in  a  preliminary  form®". 

MATERIALS  AM)  METHODS 

[I-1  'CJacetyl-CoA,  dansy  l-(dimeihyl-[®H  |amino)-ehloride,  t  -[:’H]glutamic  acid. 
l.-[7,8-®H]noradrenaline  and  3.4-[cthyl-2-®H]dopamine  were  obtained  from  New 
England  Nuclear,  Boston,  t -(' *C]glutamic  acid.  t)t -3,4-dihydroxy-[2-' 4C]phcnylala- 
nine  and  1  ‘C-labelled  amino  acids  were  from  the  Radiochemical  Centre.  Amershant. 
Sodium  t -glutamic  acid  and  unlabelled  dansylated  amino  acids  were  from  Sigma 
Chemicals,  St.  Louis.  Polyamide  plates  (E  1 700)  were  from  Schleicher  and  Schiill,  D- 
2433  Dassel.  Nialamide  hydrochloride  was  a  gift  from  Pfizer,  benztropinc  was  a  gift 
from  Merck,  Sharp  and  Dohme.  desmethyl-imipramine  was  a  gift  from  Ciba-Geigy. 
and  ethopropazine  was  from  Pharma  Rhodia.  Methylisocyclopentylfluorophosphate 
(soman)  was  synthesized  in  our  laboratory.  White  W  jstar  rats  were  obtained  from 
Dyrlaege  Mollergaard-Uanssens  Avlslaboratorium.  Denmark,  and  allowed  to  breed 
in  our  animals  quarters. 

Tissue  preparation 

Monosodium  glutamate  was  dissolved  in  distilled  water  and  the  solution 
neutralized  to  pH  7.2.  Newborn  rats  of  both  sexes  were  given  daily  subcutaneous 
injections  of  2  mg  g  body  weight  during  their  first  week  of  life.  The  animals  were  fed 
normal  lab  chow  and  water  ad  lib.  and  housed  together  with  uninjected  littermates, 
which  were  used  as  controls. -The  animals  were  sacrificed  at  6  9  weeks  of  age.  for 
enzyme  studies,  the  animals  were  decapitated,  the  brain  rapidly  but  carefully  dissected 
out.  placed  on  a  microtome  chuck  and  frozen  with  a  COe  jet.  Serial  transverse  sections 
(40  /im)  from  hypothalamus  were  cut  in  a  cryostat  at  18  C.  freeze-dried  and  stored 
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I  ig,  I.  A:  ccll-siaineil  40  //in  section  from  mediobasal  hypothalamus  of  normal  rat.  Dissection  of 
free/e-dried  samples  is  indicated  on  the  left  part  of  figure.  I.  median  eminence:  II.  nucleus  arcuatus; 
III.  "lateral  arcuate":  IV.  nucleus  sentromedialis;  \.  nucleus  doisomcdialis  II  section  from  Cil.L - 
treated  rat.  demonstrating  heavy  cell  loss  in  the  arcuate  nucleus.  Dissected  samples  as  in  A.  2'.  May 
Griinwald  Gicmsa  stain. 

as  previously  described-7.  For  histological  staining,  20  40  imi  sections  were  collected 
o n  microscopic  slides  and  allowed  to  dry  al  room  temperature.  For  amino  acid 
analysis,  the  animals  were  sacrificed  by  exposing  their  heads  to  a  beam  of  focussed 
microwave  radiation  in  a  Litton  70  50  oven  for  5  sec  to  rapidly  inactivate  all  en/ymes 
and  avoid  postmortem  artifacts"5.  The  heads  were  then  rapidly  cooled  on  ice  and  the 
hrain  carefully  taken  out.  By  this  procedure,  it  proxeil  impossible  to  preserve  the 
median  eminence,  but  microscopic  inspection  of  transverse  slices  demonstrated  the 
arcuate  and  ventromedial  nuclei  to  he  intact. 

/ "5 o'/  linn 

The  free/e-dried  sections  were  compared  to  corresponding  cell-stained  sections 
under  a  sicrcomieroscope.  and  the  different  regions  were  identified  after  the  atlas 
of  kbmg  anil  KlippcT-'  The  regions  taken  out  for  analysis  included  the  median 
eminence,  the  nucleus  arcuatus.  the  boundary  between  the  arcuate  and  the  ventro¬ 
medial  nuclei  (named  "lateral  arcuate’),  the  ventromedial  nucleus  and  the  dorsomedial 
nucleus  (I  ig.  I ).  The  samples  (0. 1  2  //g  dry  weight)  were  weighed  on  a  fish-pole  quart/ 
fiber  balance-7  and  assayed  directly  for  enzyme  activities. 

For  uptake  studies,  the  brains  were  placed  with  the  ventral  surface  up.  and  the 
median  eminence  was  dissected  with  razor  blades  and  small  forceps  under  a  stcreo- 
microstope  in  the  cold  room  according  to  Cuello  et  alA  In  addition  to  median 


Fig.  I.  Cell-stained  sections  from  normal  and  GLU-treated  animal,  demonstrating  the  selective  neu¬ 
ronal  loss  and  shrinkage  of  the  arcuate  nucleus  (ar).  Me.  median  eminence.  75.  May  Grunwald 
Giemsa  stain. 


eminence  this  sample  contained  most  of  the  arcuate  nucleus  and  the  proximal  stalk 
eminence.  Samples  were  pooled  and  kept  on  ice  until  homogenization. 

For  amino  acid  analysis,  the  hypothalami  of  the  cooled  brains  were  frontally 
sliced  with  two  razor  blades,  one  at  the  level  of  the  entrance  of  the  optic  tract  into  the 
brain  and  the  other  at  the  level  of  the  stalk  median  eminence.  From  this  slice,  a 
triangular  sample  (Fig.  I)  containing  the  arcuate  nucleus  and  the  medial  part  of  the 
ventromedial  nucleus  was  taken. 

Histological  preparation 

The  air-dried  sections  were  stained  with  a  routine  May  Griinwald/Giemsa 
method  for  cell  staining,  or  for  AC'hE  by  the  thiocholine  method  as  previously 
described5-.  AC'hE  sections  were  incubated  for  6-24  h.  routinely  using  ethopropazine 
( 10  4  V/)as  pseudocholinesterase  inhibitor51.  The  staining  was  compared  with  sections 
from  animals  which  had  been  pretreated  with  a  lethal  dose  (0.2  /rg/g  body  weight)  of 
soman  and  killed  15  min  after  injection,  thus  inhibiting  all  cholinesterase. 

Biochemical  methods 

ChAT  was  assayed  by  a  previously  described  micromethod12.  GAD  was  assayed 
by  a  COj-t rapping  method  as  described  by  Henke  and  Fonnum17  with  a  final 
concentration  of  20  m M  GLU,  using  Triton  X-100  to  ensure  penetration  of  substrate 
and  to  minimize  non-GAD-released  CO>31.  AAD  was  assayed  as  previously  de¬ 
scribed1.  with  final  concentration  of  0,3  m M  t  -DOPA.  Protein  was  determined  as 
described  by  Lowry  ct  al.2H.  with  bovine  serum  albumin  as  standard. 
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For  high  affinity  uptake,  the  pooled  samples  were  homogenized  in  40  pi  0.32  M 
sucrose  at  800  rev/min  in  a  glass-Teflon  microhomogenizer.  For  catecholamine 
uptake,  homogenate  containing  30-40  pg  protein  was  added  to  0.5  ml  Tris-buffered 
medium  which  contained  10-4  M  ascorbic  acid  and  12.5  pM  nialamide  hydrochloride. 
Benztropine  ( 10~®  M)  followed  by  [3H]NA  (10~7  M),  or  desmethylimipramine  (10  * 
M)  followed  by  (3H]DA  (10~7  M)  were  added,  the  uptake  performed  at  37  °C  for  5 
min,  and  terminated  by  Millipore  filtration  as  previously  described13.  Benztropine 
and  desmethylimipramine  inhibited  DA  or  NA  uptake,  respectively8.  The  GLU 
uptake  was  performed  with  10~7  M  GLU  at  25  °C  for  3  min  in  the  same  manner. 

The  amino  acids  were  analysed  by  the  dansylchloride  method  with  14C-)abelled 
amino  acids  as  interna!  standards,  as  described  in  detail  by  Lund-Karlsen  and  Fon- 
num29.  The  dansyiated  amino  acids  were  dissolved  in  acetone-acetic  acid  (3:2)  before 
scintillation  counting.  Comparison  between  biochemical  results  was  performed 
with  the  Wilcoxon  two-sample  test. 

RESULTS 

Previous  histological  examinations  of  the  arcuate  nucleus  after  GLU  administra¬ 
tion  have  shown  that  the  lesion  is  characterized  by  neurones  undergoing  necrosis  and 
phagocytosis,  followed  by  gliosis  within  the  first  48  h5'26'35.  Our  cell-stained  sections 
from  7-week-old  animals  seem  to  indicate  that  most  neuronal  perikarya  have 
disappeared  irreversibly  from  the  arcuate  nucleus,  while  the  remaining  cells  seem  to  be 
characterized  by  small  nuclei  and  lack  of  Nissl  substance.  They  thus  probably 
represent  glial  cells  (Fig.  2).  The  study  of  the  cell-stained  sections  led  us  to  make  full 
use  of  our  dissection  technique  which,  in  contrast  to  the  ‘punching’  technique42,  allows 
complete  sampling  of  regions  with  irregular  outline.  The  distribution  studies  were 
performed  on  the  median  eminence,  the  triangular  nucleus  arcuatus,  the  almost 
perikarya-free  region  separating  the  arcuate  and  the  ventromedial  nuclei,  and  samples 
from  the  ventromedial  and  the  dorsomedia!  nuclei  (Fig.  1). 

In  normal  animals,  both  ChAT  and  AAD  showed  low  activities  in  the  ventro¬ 
medial  nucleus,  with  higher  levels  in  the  arcuate  samples  and  the  median  eminence 
(Table  1).  The  highest  activity  of  GAD  was  found  in  the  region  between  the  arcuate 
and  the  ventromedial  nuclei  and  in  the  dorsomedial  nucleus.  The  activity  in  the 
arcuate  nucleus  was  intermediate,  and  the  median  eminence  displayed  low  activity. 
The  dorsomedial  nucleus  exhibited  intermediate  ChAT  and  AAD  activity  (Table  I). 

In  the  lesioned  animals  the  levels  of  enzyme  activities  in  the  dorsomedial  and 
ventromedial  nuclei  were  unchanged.  AAD  was  also  found  to  be  unchanged  in  the 
lateral  arcuate,  the  arcuate  nucleus  proper  and  the  median  eminence.  GAD  was 
unchanged  in  the  lateral  arcuate  and  the  arcuate  nucleus,  but  a  50%  decrease  in 
activity  was  found  in  the  median  eminence.  ChAT  was  significantly  decreased  in  all  3 
areas,  but  most  pronounced  in  the  arcuate  nucleus  and  the  median  eminence  (Table  I). 

AChE  staining  of  sections  from  normal  animals  demonstrated  that  the  ventro¬ 
medial  nucleus  was  almost  devoid  of  staining  product.  The  arcuate  nucleus,  however, 
did  exhibit  intermediate  staining,  in  agreement  with  the  distribution  of  ChAT.  The 
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TABLE  II 

The  effect  ofGL  U -administration  on  the  high  affinity  uptak  e  of  transmitter  candidates  in  median  eminence- 
nucleus  arcuatus 

Values  presented  as  mean  ±  S.E.  (number  of  experiments). 


Normal  brain 

GLU -treated  brain 

i  nmolelmin/g  protein) 

( per  cent  of  normal) 

GLU 

26.2  ±  2.8  (6) 

93  ±  10  (7) 

DA 

0.72  ±  0.09  (8) 

113  ±  24(6) 

NA 

0.29  ±  0.02  (8) 

109  ±  6  (6) 

TABLE  III 


The  effect  of  GLU  administration  on  endogenous  amino  acids  in  nucleus  arcuatus-ventromedialis 

Values  presented  as  mean  ±  S.E. 

Normal  brain  (it  -  6) 
t p mule /g  protein) 

GLU ‘treated  brain  in  9) 

(per  cent  of  normal) 

ASP 

35  ±  3 

91  ±  9 

GLU 

105  ±  8 

103  ±  8 

GLY 

26  j-  2 

86  ±  13 

ALA 

12  ±  1 

116  ±  17 

GABA 

41  i  3 

87  ±  6 

GLN 

87  ±  7 

80  ±  6 

TAU 

57  ±  5 

123  ±  15 

median  eminence  was  found  to  exhibit  staining  in  the  lateral,  external  regions, 
particularly  in  the  caudal  part  (Fig.  3).  This  staining  was  most  clearly  demonstrated 
after  long  incubation  time,  e.g.  24  h,  whereas  the  staining  of  perikarya  in  the  arcuate 
nucleus  was  optimal  after  shorter  incubation.  After  preparation  of  sections  from 
animals  treated  with  a  lethal  dose  of  soman,  the  staining  was  absent  in  both  regions.  In 
the  GLU-injected  animals  the  AChE  staining  intensity  was  reduced  in  the  arcuate 
nucleus  and  median  eminence,  but  unchanged  in  the  other  parts  of  the  hypothalamus. 

The  other  biochemical  parameters  were  investigated  on  homogenates  obtained 
by  dissection  of  wet  tissue  samples.  The  high  affinity  uptake  of  GLU  in  the  median 
eminence-arcuate  sample  was  found  to  be  of  intermediate  activity,  being  approxi¬ 
mately  30°o  of  that  in  neostriatum,  which  is  one  of  the  regions  with  the  highest  GLU 
uptake,  but  twice  as  high  as  the  uptake  in  more  lateral  samples,  and  4  times  as  high  as 
the  uptake  in  globus  pallidus  (data  not  shown).  The  GLU  uptake  was  found  to  be 
unchanged  in  samples  from  lesioned  animals  (Table  II).  The  high  affinity  uptake  of 
catecholamines  demonstrated  that  DA  at  I0-7  M  was  the  most  active  substrate  in 
agreement  with  a  previous  report®.  The  uptake  activities  of  both  DA  and  N  A  were  also 
unchanged  in  the  median  eminence-arcuate  sample  from  lesioned  animals  (Table  II). 

Analysis  of  endogenous  amino  acids  in  an  arcuate- ventromedial  sample  demon- 


79 


557 

strated  considerable  concentration  of  GLU.  aspartic  acid  (ASP)  and  '/-aminobutvric 
acid  (GABA)  (Table  III)-  In  the  lesioned  animals  no  significant  changes  were  detected 
(Table  III). 

DISCUSSION 

Several  approaches  have' been  used  for  the  study  ol  hypothalamic  neuro¬ 
transmitters.  both  histochemical  (for  review  see  ref.  57).  and  microdissection  com¬ 
bined  wiih  inicrocheinical  assays  (for  review  see  ref.  2).  In  (he  present  investigation  we 
have  taken  advantage  of  the  selective  lesion  of  local  neurones  in  the  nucleus  arcuatus 
after  GLU  administration  to  newborn  animals  to  study  the  origin  and  distribution  of 
neurotransmilters  in  this  region.  As  GLU  administration  to  newborn  or  adult  animals 
has  been  reported  to  have  interesting  endocrinological  consequences1’3-3"  11  such 
studies  would  presumably  also  throw  some  light  on  the  neurochemical  basis  of  these 
phenomena. 

The  small  dimensions  of  the  mediobasal  hypothalamus  necessitate  very  precise 
dissection  procedures  for  such  studies.  Initially  we  analyzed  the  enzyme  activities  in 
the  median  eminence  in  samples  from  fresh  tissue  dissected  as  described  by  Cucllo  ct 
al.s  However,  in  these  studies  (results  not  shown)  we  did  not  find  the  same  relative 
values  and  the  same  decreases  in  activity  as  we  later  found  using  microdissection  on 
freeze-dried  sections.  This  is  probably  due  to  contamination  of  the  median  eminence 
with  neighbouring  structures  also  containing  the  enzymes  in  question,  and  indicates 
that  such  samples  are  not  suitable  for  detailed  studies  on  the  median  eminence  proper 
(see  also  ref.  7).  The  microdissection  on  freeze-dried  samples  allowed  us  to  avoid  such 
contamination.  In  addition,  it  enabled  us  to  dissect  samples  of  widely  different  outlines 
and  weights  from  thin  sections  compared  to  sections  used  in  punching*.  The  uptake 
studies,  however,  had  to  be  performed  on  a  combined  median  eminence  arcuate 
sample,  and  the  amino  acid  analysis  on  an  arcuate  ventromedial  sample. 

The  involvement  of  acetylcholine  in  neuroendocrine  hy  pothalamic  function  has 
been  suspected  on  pharmacological  and  physiological  grounds1''  -1'.  Our  results 
demonstrate  that  the  specific  cholinergic  marker  ChAT11  displays  an  intermediate 
activity  in  the  dorsomedial  nucleus,  a  low  activity  in  the  ventromedial  nucleus,  and 
high  activity  in  the  arcuate  nucleus  and  median  eminence.  Compared  to  previously 
published  results',  we  find  a  relatively  higher  activity  in  the  arcuate  nucleus,  which  is 
probably  due  to  a  more  suitable  dissection  procedure  as  discussed  above.  In  the 
lesioned  animals,  the  arcuate  nucleus  and  the  median  eminence  displayed  a  70°,, 
decrease  in  ChAT  activity,  while  the  activity  in  the  other  regions  was  unchanged.  A' 
the  rat  median  eminence  is  almost  devoid  of  nerve  cells-'1,  this  indicates  the  existence  of 
a  cholinergic  fiber  tract  originating  in  the  arcuate  nucleus  and  terminating  in  the 
median  eminence,  in  agreement  with  the  independent  investigation  of  Carson  et  al.\ 


*  The  weight  of  our  five/c-dried  median  eminence  sample'  indicates  a  total  wet  weight  ol  "0  90 
ol  the  median  eminence,  in  agreement  with  C  hioechio  et  al. 
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The  remaining  ChAT  activity  in  the  arcuate  nucleus  could  represent  minor  projections 
from  other  areas,  as  suggested  from  knife  lesions  by  Brownstein  et  al.4. 

Our  results  with  AChE  staining  would  also  support  the  concept  of  a  cholinergic 
tuberoinfundibular  tract.  In  sections  from  normal  animals  we  found  staining  in  the 
external  lateral  part  of  the  median  eminence,  i.e.  the  same  region  which  displays  most 
intense  staining  for  DA  and  for  hypothalamic  releasing  factors18.  Both  the  median 
eminence  and  nucleus  arcuatus  displayed  considerably  less  intense  staining  in  the 
lesioned  animals,  indicating  that  this  staining  represents  a  visualization  of  tubero¬ 
infundibular  fibres.  In  contrast,  other  workers19-43  have  failed  to  find  AChE  staining 
in  the  median  eminence.  Our  conditions,  by  using  thick  sections  from  frozen  tissue, 
avoiding  prefixation,  and  using  long  incubation  periods,  would  seem  to  favour 
staining  of  AChE.  The  conditions  which  lead  to  staining  of  median  eminence  are, 
however,  at  the  expence  of  high  resolution.  From  the  effect  of  the  cholinesterase 
inhibitors  ethopropazine  and  soman  we  conclude  that  the  staining  observed  does 
indicate  the  presence  of  'true'  AChE  in  the  median  eminence  of  the  rat. 

The  distribution  of  the  GABA-marker  GAD11  reported  here  is  an  extension  of 
the  results  recently  reported  by  others55.  We  here  demonstrate  that  the  highest  activity 
of  GAD  in  the  mediobasal  hypothalamus  is  located  not  in  any  of  the  nuclei,  but  in  the 
region  between  the  arcuate  nucleus  and  the  medial  part  of  the  ventromedial  nucleus, 
with  less  activity  in  the  arcuate  nucleus  proper.  The  median  eminence  displays  much 
lower  activity.  Previous  investigators  have  proposed  that  GABA  may  not  be  impor¬ 
tant  in  median  eminence  function22-55.  However,  our  results  demonstrate  that  in  the 
lesioned  animals  a  decrease  of  50%  in  GAD  activity  occurred  in  the  median  eminence, 
while  the  rest  of  the  hypothalamus  had  unchanged  activities.  This  could  be  due  either 
to  destruction  of  a  GABAergic  fiber  tract  terminating  in  the  median  eminence  or  the 
destruction  of  intrinsic  GABAergic  neurones  in  the  median  eminence.  However,  such 
intrinsic  cells  are  reported  to  be  very  scarce23,  and  we  therefore  think  it  is  most 
likely  that  our  results  indicate  the  existence  of  a  GABAergic  tuberoinfundibular  tract, 
which  originates  in  the  arcuate  nucleus.  This  tract  could  possibly  represent  the 
anatomical  basis  for  the  endocrinological  effects  of  GABA20-39-40.  The  small  and 
insignificant  changes  in  GAD  activity  found  in  the  arcuate  nuclei  of  the  lesioned 
animals  probably  mean  that  most  of  the  GAD  activity  in  this  nucleus  is  concentrated 
in  afferent  terminals,  and  only  a  small  proportion  is  located  in  local  nerve  cells.  This  is 
in  agreement  with  the  results  of  other  studies,  which  demonstrate  that  a  major  part  of 
GAD  disappears  in  the  arcuate  nucleus  but  not  in  the  median  eminence  after 
deafferentiation  of  the  mediobasal  hypothalamus4. 

The  well-known  DA-containing  tuberoinfundibular  tract,  originating  in  the  A12 
cell  group  in  the  arcuate  nucleus56,  was  also  studied.  AAD  is  found  in  both  DA-,  N  A- 
and  indoleamine-containing  cells,  in  addition  to  being  localized  in  capillaries  and 
possibly  glial  cells21-25.  However,  the  relative  values  of  AAD  reported  in  this  study  are 
in  good  agreement  with  the  corresponding  values  of  tyrosine  hydroxylase48-49,  which 
in  these  regions  is  acknowledged  as  being  a  selective  marker  for  DA  elements’.  We 
also  analyzed  the  high  affinity  uptake  of  DA  and  NA  in  median  eminence  arcuate 
samples  in  order  to  detect  any  loss  of  DA  structures’4.  However,  our  results  indicate 
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that  the  DA  innervation  of  the  arcuate  nucleus  and  median  eminence  has  not  been 
significantly  destroyed  in  the  lesioned  animals.  Amine  fluorescence  in  the  arcuate 
nucleus  has  been  shown  to  disappear  after  acute  injection  of  the  GLU  analogue  kainic 
acid3'1  to  adult  animals3-’  or  after  repeated  injections  of  very  high  doses  (4  mg  g  body 
wt)  of  GLU  to  newborn  animals31.  Our  results  indicate  that  these  DA  cells,  despite 
this  apparent  GLU  sensitivity,  are  more  resistant  to  the  neurotoxic  effect  of  GLU  than 
other  types  of  cells  in  the  arcuate  nucleus.  This  is  in  agreement  with  results  from  other 
regions  in  brain  and  in  retina-9-51’. 

Except  for  GABA,  the  amino  acid  transmitter  candidates  have  received  rela¬ 
tively  scant  attention  in  the  hypothalamus.  The  preferential  release  of  GABA,  GLU 
and  ASP  front  hypothalamic  synaptosomes  has  been  demonstrated  10,  and  it  has  also 
been  shown  that  both  systemic  and  intraventricular  application  of  GLU  hasendocrine 
effects38-11.  This  endocrine  action  of  GLU  is  probably  located  in  the  arcuate  nucleus, 
as  this  is  the  only  hypothalamic  region  where  GLU  is  accumulated  following  systemic 
administration14.  Our  results  on  the  high  affinity  uptake  of  GLU  seem  to  indicate  that 
this  amino  acid  could  be  a  transmitter  in  the  median  eminence-arcuate  complex9-53. 
The  results  do  however  indicate  that  the  ‘glutamatergic’  terminals  have  survived  the 
accumulation  of  GLU  in  the  arcuate  nucleus,  and  argue  against  a  major  population  of 
intrinsic  glutamatergic  cell  bodies  in  this  region.  Alternatively,  the  glutamatergic  cell 
bodies  could  be  resistant  to  GLU  accumulation.  The  levels  of  endogenous  amino  acids 
in  the  arcuate  nucleus  and  medial  part  of  the  ventromedial  nucleus  did  not  show  any 
decrease  in  the  lesioned  animals,  also  arguing  against  a  major  population  of  ‘amino 
acid-ergic*  cells  being  destroyed  by  the  GLU  lesion. 

In  conclusion,  this  study  extends  and  confirms  previous  findings  on  the 
localization  of  neurotransniitiers  in  mediobasal  hypothalamus  based  on  knife  lesions 
and  punching  technique3-4-48-51-55.  We  suggest  that  the  tuberoinfundibular  tract,  in 
addition  to  the  previously  described  peptidergic  and  aminergic  elements,  contains 
cholinergic  and  GABAergic  fibres.  These  are  destroyed  by  GLU  administration,  and 
therefore  probably  originate  in  nucleus  arcuatus.  This  destruction  could  be  a  part  of 
the  neuroehemieal  basis  for  the  endocrine  dysfunction  in  the  GLU-treated  animals. 
Also,  we  find  that  the  DA  cells  in  this  region  are  resistant  to  2  mg/g  body  weight  of 
GLU.  They  therefore  probably  do  not  contain  a  high  number  of  GLU  receptors. 
Finally,  a  relatively  high  concentration  of ’glutamatergic'  terminals  was  found  in  the 
arcuate  region,  which  is  probably  not  due  to  intrinsic  neurones. 

At  K  NOW  I.  F  IXi  P  M  ENTS 
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The  Effects  of  Kainic  Acid  Injections  on  Guanylate 
Cyclase  Activity  in  the  Rat  Caudatoputamen, 
Nucleus  Accumbens  and  Septum 
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Abstract:  The  activity  nl  soluble  .uu)  p.uticulatc  guanylate  cyclase  tKC 
4  6  1  2)  has  been  computed  with  the  Jistnbiitioii  of  neuioliansmitier  candi- 
vtales  in  tluee  rat  toiebiain  nuclei  and  the  cllects  ol  local  kainic  acid  injections 

into  these  nuclei  base  been  tested  Soluble  guanylate  cyclase  was  highly  . 

c oncenliated  in  both  the  caiidatoputainen  and  the  nucleus  jcuimbens.  with  !  I 

lower  activity  found  in  the  septum.  I  hi'  distnhiition  coincided  with  markers 

lot  acel> Icholine  and  monoamines,  bin  not  with  maikeis  for  y  anitnubuly rale  j 

(GAMAtot  glutamate  neurons  In  eontiast.  paniculate  guanv late  cyclase  was 

equally  active  in  all  regions.  l.ocal  injections  of  kainic  acid  which  destroyed 

vholmcign  and  GABA  neurons  in  the  caudatoputamen  and  in  the  nucleus 

•k  '  it  tube  ns  caused  a  i  apid  ( 70  00'  i  i  decrease  in  the  soluble  guanv  late  cyclase 

and  a  stowei  Ml  60'.  fall  in  the  particulate  guanylate  cyclase  in  these  nuclei 

In  the  septum,  where  kainate  destroyed  GAHA  cells  hut  not  cholinergic 

notions,  the  guanylate  cyclase  activity  was  unchanged  after  the  lesion  Thus. 

both  the  soluble  and  particulate  guanylate  cyclases  appear  to  be  concentrated 

in  local  Demons  m  the  caud.itoputumen  and  nucleus  accumbens.  In  the  septum.  H 

howevei  most  ot  the  guanylate  cyclase  activity  is  located  outside  kainate-  jg 

sensitive  notions  Key  Words:  C  yclic  (IMP  -Neurons  -Cilia —forehram  I 

nuclei  Walaas  I  1  he  effects  of  kainic  acid  injections  on  guanylate  cyclase  S 

activity  m  the  rat  caudatoputamen.  nucleus  accumbens  and  septum.  J  a 

Ni  nuu  !u  in  .16.  23 c  241  1 19811  fj 


(iit.tnylale  cyclase  (KC  4.6.1.21.  the  cn/yme 
synlhesi/mg  guanosinc  3  .5' -monophosphate  (cy¬ 
clic  Cl M  1*1  (Hardman  and  Sutherland.  1969).  is  pres- 
cnl  in  brain  in  both  soluble  and  particulale  forms 
Naka/awa  and  Sano,  1974,  Ktmura  and  Murad. 
1975.  Deguchi  el  al..  1976;  Troyer  and  Ferrendelli. 
1976;  Troyer  cl  al..  1978).  The  physiological  func¬ 
tions  these  en/ymes  possibly  have  in  the  brain  are 
largely  unknown  (ferrendelli,  1978;  Greengard. 
1978).  but  a  second  messenger'  role  has  been  sug¬ 
gested  for  cyclic  CiMP  in  mediating  ncurotransmis- 
sion  due  to  acetylcholine  (ACh)  (Lee  et  al.,  1972; 
Stone  and  Taylor.  1977;  Hanley  and  Iversen.  1978; 
Woods  et  al..  19781  and  glutamate  (Mao  et  al.,  1974; 
Btggto  et  al..  1978).  It  was  therefore  deemed  of 

Kckcnal  Jdmi.tr>  N.  I^HO.  accepted  Jul\  1. 
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interest  to  compare  in  detail  the  topographical  and 
cellular  distribution  of  the  soluble  and  particulate 
guanylate  cyclases  in  the  caudaloputamen.  nucleus 
accumbens  and  the  septum,  brain  regions  with  rela¬ 
tively  well-defined  glutamate  and  ACh  neuronal 
sy  stems  (Fonnum  and  W'alaas.  1978.  1979;  Walaas 
and  Fonnum.  1979).  For  this  purpose,  the  kainic 
acid  lesioning  technique  has  been  used  to  distin¬ 
guish  between  local  nerve  cells  and  glial  cells  (Hat- 
tori  and  McGeer.  1977;  Schwarcz  and  Coyle.  1977. 
Coyle  et  al.,  1978;  Fonnum  and  W'alaas.  1978; 
Malthe-Sorenssen  et  al..  1980),  and  biochemical 
markers  for  putative  ACh,  y-aminobutyrale 
(GABA),  monoamine  and  glutamate  nerve  termi¬ 
nals  and  glial  membranes  have  been  analysed  to- 

Ahbrc*  unions  used  A  AD.  Aromatic  i  amino  acid 
decarhox>lasc.  ACh.  Acct> Icholine.  ChAT.  Choline  acetyl 
transferase.  GABA,  y  Amtnobui>nc  acid,  GAD.  t  -Glutamate 
decal  bo\>  Use 
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get  her  with  the  soluble  and  paniculate  gu.invl.tlc 
c\ close  iicliv ities. 

Initial  results  liom  the  c  audatoputamen  indicated 
a  decrease  in  guanylntc  cyclase  after  kainate  le¬ 
sions.  and  thus  a  neuronal  localization  of  the  en¬ 
zyme.  Houevcr.  a  simultaneous  report  presented 
evidence  suggesting  that  kainate-induced  neuronal 
neciosis  increased  the  guainlate  cyclase  activity  in 
rat  caudaloputamen  homogenates  I  I  joinhammar  et 
al..  1979).  The  present  study  has  theiel'ore  also 
investigated  some  characteristics  ot  the  enzyme  and 
confirmed  that  the  ladiochemical  pi oduct  fonned  in 
the  piescnt  assay  method  is  cyclic  (iMP. 

Some  preliminary  results  have  been  piesented  in 
abstract  form  (Walaas.  1979). 

MAI  FRIAI  S  AM)  Ml  1  MODS 

Male  Wistoi  rats  (180  200  g  hodv  u eight  >  weie  oh 
t.uned  honi  Molleig.iard.  Denm.uk  |<»  *  1  *  <  *  I  I’  was  oh 
lamed  tiom  New  l  ngland  Nneleai.  Boston.  Mas 
sachustMls.  and  Ihe  Radiochemical  C  entre,  Ameisham. 
I  K  i  8-  H  lev  die  CiMP.  1 8  ‘  H  1 5  (,MP  and  i -I  1 
'  V  (glutamic  avid  weie  tiom  the  Kadioc hemical  (Vniic. 
Ameisham.  I  K  8.5  II  cvclic  (iMP.  j8.A  HiDlP. 
(i  H  !*  AMP.  i  '70  l<  glutamic  acid,  m  !2-‘*(  Ulihv- 
iiiew  phem  lalanme  and  I  ' ‘(  !acel  v  I  (  o A  weie  tiom 
New  I  ngland  Nneleai  (nianine  and  advnme  nueleoiides 
i  sodium  sallsi.  *  ivohutvl  t  methy  Ixaiiilunc  kamie  acid 
i  iot  1 1 7C  0044)  and  3  0  cvv.li*.  mivleoiule  phosphodi 
v'teiase  il  C  '  1.4. 1 7 1  tiom  heel  heait  weie  tiom  Sigma 
(  hemica)  (o  Si  I  oins.  Missouri  Dow  ex  5()W  »  4<H 
toim.  200  400  meshi  and  Dowex  I  •  7  (Cl  foini 
200  400  niesh)  weie  liom  I  luka  Ai».  Huchs.  neuiial 
alumina  (grade  D  was  Horn  Woelm.  Pschwcge.  and 
poly  (cthy  ten  i  mine  >  cellulose  I  l)(  I  ertigpl.uten  (An 
*77  M  were  tiom  Merck  Daimsiadt.  West  (leimanv 
Other  v hemicals  weie  eommeiciallv  obtained  (  hiomato 
graphic  columns  (0  5  *  10  vin»  weie  tiom  Bio  Had 

i(  alilor  nia  i 

tissue  t'ufuu iihon 

I  he  animals  w  ere  anaesthetised  w  it))  Irni.niy  I  e  ill  ale  and 
ftiiamsone  ( H>  pnoi  m  vet .  Mekos.  0  1  mis  c  J  and  \  ahum 
(  Hoc  he.  0.75  mg  i  p  I  I  hen.  10  nmol  V  amu  ,k  >d  dissolved 
>n  1  140  him  sodium  phosphali  butter  pH  "  4  was 

infused  m*o  the  cacdatopiitamen  at  sooidm.ilcs  A  I 

7  (Niandl)V  70U  t  Komg  and  klippcl  1^6 V loi  himiA 
nmol  kamale  in  0  A  fJl  buffer  was  infused  into  the  nucleus 
,kv  nmheris  ;il  A  94(H).  I  1700  and  DV  l(K)  as  desenhed 
hv  W  alaas  and  I  onnum  ( 19^i  and  10  nmol  kainate  in  0  * 
pi  buffer  was  infused  into  the  septum  at  A  7200.  1  600  and 
|)V  1000  for  7  miniMahhe  Sv'ienssen  cl  al..  1980)  T  he 

needle  was  left  in  position  for  5  min  before  withdrawal  lo 
prevent  leakage  I  he  animals  were  decapitated  at  the  in 
dicated  survival  times,  and  0  6  0.8  mm  frontal  brain 
slices  were  piep.ued  with  a  tissue  chopper  at  4  C.  The 
v andatoputamcn  was  dissected  between  approximate 
levels  A  96(H)  and  A  65(H).  (he  nucleus  accumbens  was 
taken  anterior  to  A  8400.  and  I  he  septum  was  taken  be 
tween  A  86(H)  and  A  69(H)  ( Komg  and  Klippcl.  1963)  under 
microscopic  guidance  The  septal  sample  contained  both 


t Ik-  iiudi.il  and  1. itcr.il  s*pi.d  mu  lei  hut  avoided  the  nu 
Mens  ot  the  diagonal  h.nid.  I  oi  uptake  studies.  I  he  s.»m 
pies  wen  homogenised  tri  cold  0  *2  vt  sucrose  *  him 
1  ms  H(  I  pH  7.4  i2' «  .  w  \  r  wrth  10  strokes  in  glass-  |  etlon 
homogemscis  at  850  r.p.m..  kept  on  ice  and  analysed  loi 
uptake  activity  within  30  mm  for  analysis  ot  en/vme 
activities,  the  samples  were  homogenised  in  20  vol  of  cold 
Ml  niM-Tris-  MCI.  pH  7  V  and  pi  as  ed  on  ice  I  he  m.u  ket 
enzymes  weie  analysed  alter  addition  ol  0  2’ >  lnton 

\  i bo  tw  \  i. 

Ciuanyl.ile  cyclase  vs  as  sludu-d  altci  addition  ol  diihio 
thieilol  (final  voiuc-ntiaiion  *  nun  to  the  Ins  buttered 
homogenates  Suhccllulai  ti.u  nonation  ot  aliquois  tiom 
the  laltoi  samples  was  etleclcd  by  eenti  ilugation  at  4  C 
loi  Ml  nun  at  48000  g.  w  hiv  h  has  been  found  to  completely 
sepal  ate  ihe  soluble  and  particulate  gwanylalc  cvvlases  in 
hi  aim  1 1  o\ ei  el  al . .  1978)  Ihe  supei  n.tiants  u.e  soluble 
tiaciionsi  vveie  collected  on  lee.  while  the  pellets  were 
washed  in  thiol  containing  bulici.  recentrifuged  and 
suspended  in  (hen  oitgm.il  volume  ot  cold  30  mM  Ins 
IK  I  *  him  dubiot lucitol.  pH  7  5.  by  means  of  glass 
litl.  n  lnuiiogv  inset s  Some  piepaiations  were  then  ev 
Haded  with  I  lnton  \  100  li  U  ,il  4(  foi  60  min 
hetore  ar.al\s|x  i  Dm  ham  I9"6i 

Hit  n  in  nm  ill  \/<  i hods 

Piolein  was  analysed  by  the  inelhod  ol  lowjv  et  al 
il^^li  with  bovine  setiim  albumin  as  standard  Blanks 
containing  dithiothrcitol  were  included.  to  u'ned  loi 
inietfeiencc  by  the  thiol  reagent  where  necossaiv  fie 
viously  described  methods  weie  used  loi  analysis  of  aio 
malic  i  amino  aeid  decal  boxy  lasc  (A  AD.  f(  4  It  28i 
rHroeh  and  )  cnriijm.  J972).  choline  acety  lir.tnsferase 
(CHAT.  fC  2. VI  6i  tlonnum.  1975).  glutamate  de 
cai boxy  lase  (GAD.  f  (  4.1115)  ( I  onnum  el  al. .  |9?0i. 
the  miiochondii.il  enzyme  eainume  acety Itiansferase  (I  C 
7  *  I  7 >  i  Stem  and  I  onnum.  1980).  and  the  membrane 
en/y  me  *  ihk  leot idase  (  f  C  3.1.3  5 ).  w  hich  w  as  analy  sed 
w  uh  0.07  him  ( i  If  AMI’  as  substi  ate  ( A v  i  nch  and  \N  al 
ladi.  lu'h  High  .dimity  uptake  of  i  ' 2. 3- *H  ?  lutainiv. 
avid  (final  con*,  collation  10  :  xi)  was  studied  with  Midi 
pote  filtration  used  to  teiminate  the  incubation  as  de 
sci ibevf  1 1  onnum  et  al  .  1^~7.  \\  alaas  and  I  onnum.  1979| 
Ihe  i  adio.iv  tiv  it  y  accumulated  on  the  filters  was  deter¬ 
mined  .diet  addition  ol  I  ilteicount  scintillation  liquid 
i  l*.«c  k at d i  bv  liquid  scintillation  counting  in  a  Packard 
liicaib  Model  ttKO  titled  with  an  absolute  activity  jn 
al\  siM  set  (oi  H  anal v  sis 

(uiaiiylaU  cyclase  was  analysed  by  a  modification  of 
the  method  described  by  Krishna  and  Krislman  (19~S| 
and  Bunbaumei  et  al.  (1979)  Ihe  incubation  mixture 
contained  (final  concentration):  30  m\i  Iris  MC  I.  pH  7  5. 
wiih  (15  him  (iIP  containing  1  2  *  10'  d  p  m  i«i 

'  P|Cp  I  P  and  4  mxt  MnCI.  as  substrate.  1  mM-cyclu  (iMP 
and  I  mxt  isobut  y  Imcthy  Ixanthinc  to  pic  vein  breakdown 
v»f  the  cyclic  (iMP  formed,  approximately  lO.tHH)  ^  pm 
i‘H)cvclic  CiMP  to  monilor  recovery,  and  10  I  enzyme 
preparation  v»r  homogenisation  buffer  blanks,  in  a  total 
volume  of  50  §j\.  When  indicated.  NaN  t  (final  concern 
nation  I  mM)  or  NaF  (final  concent  tat  ion  20  mxii  was 
added  to  the  test  lubes  at  the  start  of  the  ptcincub.it ion 
After  5  min  pienu  ubalion  at  37  (\  the  reaction  was  mill 
ated  bv  addition  of  Cil‘P.  MnCI..  and  tritiatcd  cyclic  (»MP. 
and  terminated  after  5  nun  incubation  at  37  C  by  addition 
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!  1‘  *  ‘  till'  I*'  PI\1  I  PI  \  V  i  I  Xi'.lmlli  it.-.liill  sill 

|'ti.*'  I  (  uU  liMl’  "  .1'  ;  i  (tilt  it  hi  (Iplil'll  i  I'llillll! 
,  hi .  .  In  i lii ihi i'Ii  Pup  i-  v  'ii  .iiul  .tin nun. i  i  >'ln mils 

i  S . i 1 1 ■ , l ! i ' 1 1  ii  .il  .  |v~4  Kii  Im.i  .uni  Kii-lin.ni  IV''. 
Him  !■  ii. nu  i  cl  nl  .  IW'V,  A  \ illume  i'I  I  nil  ul  the  .ilimun.i 
iol..nm  i  In. iti  n.is  .ulitcil  lo  #'  ml  DiIiim'Im-  s,  intill.iiion 
Itqiiiil  i  I'. n  I  .ti it  *  .mil  I*  .mil  'll  i  niliii.ic In  it  v  "  .is  men 
siiii  1 1  In  ilnnt'lc  in'in pc  1 1 ij 1 1 1 it  si  nilill.ilii'ii  counting 

i  Ki’l'.ti  slu  .mil  M.niilslcx  .  |v'4t  in  n  I'nilmitl  liii.nh. 
Mmicl  ''Ml  Sip. unit  v \['i  I  mu  nl  -  'In'Ucil  Ih.it  n  I  him 
iiilii  (|\II*  linp  nlunc  "ns  ms, ittn  nut  lit  pii'iiiil 
I'l  cut  lit'"  n  i'I  I  he  i.nlii'. ii  Ii\ c  i  v  i  In  (All’  1 1  •  i  fiic-il  m  hi  i 
Illi'Ci  rules  lli’ln  the  i  nntlnlt'pi.l.unt  ll  tiluln  llol  shinilll 
I  ul  I  hi  I  .  it  "ns  .isi  el  Inllietl  1  li.'il  cun  ill  lull  s  1 1  I  use  ,n  In  U  . 
"ns  p; '  -  p«‘i  I  ii'ii.il  li>  pi  i*lt  in  i  mill  ul  unit  i's  i  .*  ul  imi  I  tine 
uinlei  nil  ii'Uihln'iis  empli'i eil 

1 1'  nleniili  I  he  F  vi'iil. lining  pii'ilml  i  li.nli  s  iiiu 
lii'pl uliseil.  ilissnlieil  ill  I!  (I  niul  siil'ieileil  In  mliimii 
slum  I'l'piuphi  nil  Dowi'V  '0  i  Hu  til'uiiinci  i"  nl  I'i'v, 
m  ini  Pi'" e i  I  ■  2  it  I  Im  ill i  i  M.u'  .mil  <  iin.h'ii i  I  v'4 1 

ii  il  It  i'I  ii  it  hmu  pi  im  im  nl'. 1 1  imi  nl  'll  (  Im  tm  * i  us  in  I  tu¬ 
ples  v  iis  i  i’I  s  1 1  In  inis  h  i  u  i  ili  p  In '  sp  In 'il  i  e v  *  i  inse  In 
in*-*  Iri'  lit  I  pH  '  4  .uni  I  m''  Met  I  tlllu'i  s.urpli's 
"ill  nth  I  i'll  In  n  1.  title  I  "’lulimi  ul  ilslli  tiMP  tiMI' 

Ipl’  .111,1  1. 1  I'  mill  Hills  \MH  \MI'  \|)l'  mill  Ml' 
.mil  •  ’l’ii  i  Ii  il  In  I  w  u  . I,  ”  iii'i.'ii.,1  imi  t  \  i  hniiee  thill  l.n  el 
i  In.  i'in!m:i  nphi  hi,  pul  s  <  i  i  h  i  It  i .  in.nei  silluli’se  pi. lies 
i  K  u.  •  ili  l  ul  h  .util  K  t n ile i  u*  h  I  Vf  .4  ■  I  he  nn.  le.  u  uli  spul  s 
nils  i  mi.  ili.  eil  "  it  h  l  V  hi.lil  I:  e --liiieil  In  numling 
iiuls  In  ml  P.h.si’lu  ii  u '  i.hleil  mil  I'  smucnl  "ns 
. . .  'ul  l'i  I  u ul  si  mill  n imi  ,  i  ; u.i me 

St  ill'll,  .ll  .Hull  si'  ul  i  he  ii  nils  "us  ilmic  "  nil  the 
U  1 1 . . i smi  1  n  1 1  sen i pie  lesl  i  It. i. Vc'  uinl  I  ell mmi ii  t V(i4 1 
K  i.r.ite  Ii  '  mu  il  si  plul  s.ui.pli  -  mu  s  I'ltip.ii  eil  In  septn 
i.ilsc n  limn  uiiupii uieii  umm.ils  "lull  s.imples  limn  the 
inn  lens  ,n  i  timhens  uml  s  unit  ilupui.imi  n  is  ei  e  i  mnp.ii  eil 
lu  smiliul  s.imples  limn  hulli  unupei.Heil  .iiiun.ils  .niii 
lu»in  Ihe  ihiiiiics  li'il  snle  ul  h  smi  eil  .miniuls  linliul 
si  i ill  n  s  slinii  i  il  Hint  I  lie  hii  ’.  In  uni  u I  .is  1 1 1  ll  ie  '  m  I  he  In!  lei 
s.te.pli  s  is  i  ic  nil. tiles  In)  hi  ilu  l  null  lesimis 

HI  SI  II S 

( iii.iiis  l.ile  evil. isc  ";is  Insi  i  Ii.i r  ,ii  ti  l  i /cd  in 
pi  i  pm  ul  iuiis  limn  I  he  i  hi  iil.it  i  ipu  1 .1  me  ll  I  iii  nb.ition 
ul  In unogi  miles  isith  |n  l,|(ill>  lollowed  b\  thin 
’ui  ei  i  In oin.ilogi .iphv  ul  the  piinficd  I'loihal 
showed  1  I’  i  ndio.ii  tiv  itv  m  the  e\i  In  GMF  spul 
unis  mol  shusvnl  Imllier.  all  '  I’  in  the  puiified 
piu.liiel  heli. ueil  like  authentic  cyclic  (IMF  on  both 
Mowex  Ml  .mil  IX. "I- x  I  columns,  while  more  than 
V6' ,  ol  l he  1  F  label  eo  initialed  with  'll  GMF  on 
IXivvex  '0  aflci  phoplnuheslerase  Ireatmcnl  (data 
nut  shun  nl.  Mins,  all  P  label  in  the  piinficd  prod 
tie t  appeared  to  represent  cyclic  GMF.  Further 
sludies  showed  that  guanylate  cyclase  aelivily  was 
slightly  lower  in  caudatoputamen  homogenates  pre¬ 
pared  in  dithiothicitol  containing  buffer  compared 
with  preparations  without  the  thiol  reagent  (40.5  * 
5  1  versus  66'  ♦  7.V  pmol  mm  mg  protein,  mean  - 
s  i  xi..  n  8).  Thiol  containing  pieparaiions  avoid 
a  possible  oxidative  activation  of  gnanylalc  cyclase 


i  Mu  1 1  me  el  al  .  1  V'4 .  ( ioldheig  el  al. .  I V7S  i.  ,md  the  v 
weie  iheietore  used  in  the  ic.st  of  this  study  I  he 
soluble  en/yme  thus  prepaid!  fiunt  the  c.md.ito 
pul. mien  exhibited  classical  Michaclis  Mcnten  ki 
nelies.  with  a  K„  lor  Ci  I  F  of  47  ft si  (mean  of  two 
detei  mmatiunsl.  similar  to  pieviously  reported  val 
lies  from  indent  brain  (Trover  and  Ferrendelli. 
IV76:  Trover  et  al..  IV78i  Addition  of  I  mvi  NaN, 
to  the  different  preparations  increased  the  guanylate 
cyclase  activity  in  homogenates  and  particulate 
fractions  3.5-  and  15-fold,  respectively,  but  lefi  the 
soluble  activity  almost  unchanged  liable  ll  Simi¬ 
larly  .  pie  incubation  w it h  Triton  X- 1 0(1  me  teased  the 
homogenate  and  particulate  activities  selectively 
i  I  able  1 1  In  contrast,  incubation  with  20  mu  Nal 
did  nut  increase  cyclic  GMF  synthesis  in  any  of  the 
fractions  (data  not  shown).  NaN  ,  was  also  effective 
in  actuating  cyclic  (IMP  synthesis  in  homogenates 
('  lulil!  ,md  particulate  fractions  <11  fold)  prepared 
Hum  kainate  lesioned  caiulatoputamen  (data  from 
I  ig  2i  I  lie  sc  results  all  conform  to  the  properties 
previously  described  for  guanylate  cyclase  in 
mammalian  hiain  (Kmiuia  and  Murad.  1^75.  Kim 
uia  el  al..  1 V 7 5 .  Moyer  cl  al..  1^78) 

Characten/alion  of  the  ncuiotraiismitter  com¬ 
position  of  the  legions  under  study  showed  that 
the  monoamine  marker  en/yme  AAI)  and  the  ACh 
marker  en/yme  C'hAT  were  concentrated  in  the  nu¬ 
cleus  accumbens  and  the  caudatoputamen.  while 
the  GABA  marker  cn/y  me  GAM  w  as  most  active  in 
the  septum  and  nucleus  accumbens  (  fable  2i.  The 
glutamate  uptake  capacity  was  greatest  in  the 
caudatoputamen.  The  activity  of  5  -nucleotidase 
was  concentrated  in  the  septum  and  the  nucleus  ac 
cumbens.  while  the  general  mitochondrial  marker 
carmtme  acety Itransferasc  was  evenly  distributed 
1  I  able  2l  Guanylate  cyclase  was  most  concentrated 
in  homogenates  from  the  caudatoputamen  and  nu 
ileus  accumbens.  and  this  was  apparently  due  to 
the  vety  aitive  soluble  en/yme  piesent  in  these  nu 
i  lei  i  I  able  1 1  In  contrast,  the  particulate  guanylate 
ivilase  was  evenly  distributed  in  all  legions, 
whethet  analysed  in  untiealed  pieparaiions  or  after 
deli agent  evltaction  l  I  able  I) 

I  he  effects  of  kanm  and  were  tested  in  si'me 
detail  in  the  caudatoputamen  Two  days  after  injec¬ 
tion  of  10  nmol  kainate,  homogenates  from  this  nu 
clous  had  lost  60  70r<  of  the  GAM  and  ChAT  ac¬ 
tivities  present,  while  guanylate  cyclase  was  de¬ 
creased  by  50  609i  both  in  untreated  (Fig.  M. 
detergent-extracted  or  a/ide-activated  homogenates 
(Fig.  2)  when  compared  with  similarly  treated  con 
trol  preparations.  Carnitine  acetyltransferase  was 
decreased  by  30CF  and  5’-nuclcotidase  was  de¬ 
creased  by  1 59? .  while  AADactivity  was  unchanged 
(Fig.  I).  Separate  analysis  confirmed  that  most  of 
the  soluble  guanylate  cyclase  hud  disappeared  after 
this  lesion  (Fig  2).  In  contrast,  the  untreated  par¬ 
ticulate  preparation  displayed  significantly  higher 
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1  A B I  I  1  K' K‘" 

•  no/  anti 

\uht  i  llnltii  i fi\H  .hntiiiif  , 

>i  unlit  tilt 

t/t  h  t  m  Hit  \tliii  It  </  U  lit/  \  O  \ 

-ill  1 M  Ufl  i 

,/  v'lliiUS  /lif  1 

i  \  i  Ins* 

in  ml  fi  ’it  h* 

iiin  inn  h 

1 

(  and. iloput. mien 

Nucleus  . 

,u  vuiubens 

Septum 

(iuanvlate  cyclase 

in 

8i 

in 

bi 

ui  5  j 

Homogenate 

4(1  <  * 

1  1 

40  0 

•  3  5 

i1'  •  IV 

*  1  nlon  X  100 

149.0  * 

b  1 

|7|  7 

lb  7 

i:<  <  -  7.8 

*  NaN, 

12V  6  • 

17  0 

- 

Soluble 

240  8  * 

12  b 

224  7 

-  :v  b 

xi  x  -  x  1 

*  I'nton  X  I 00 

241  2  • 

IV  3 

*  NaN  , 

248  1  * 

21b 

Particulate 

lb  1  * 

1  b 

1 s  2 

-  0 

14  8  *  10 

*  T  riton  X  1(H) 

123.0  * 

13  4 

144  V 

-  4  7 

148  0  -  21  * 

•  NaN , 

225  b  * 

V  8 

- 

Results  arc  cxpiessed  as  prm»l  min  mg  protein  and  arc  presented  as  mean  * 
s  i  m  Samples  were  prepared  in  butler  ttmiaining  '  him  dilhiothrcilol.  Triton 
X  I  (HI  01  NaN  ,  added  as  described  in  text 


1  AHI*  2  Ht  di\!  i  ihnt  it  m  t'1  \  \  D  (  h  \  /  ( i  AD  5  mtt  It't  *t  iihisc . 

t  tit nttuu  tit  t  i\ In iUi\U  I tist  nnJ  h.uh  tiUn.n\  vhtittmalt  n/>takt 
ill  rot  hm  brain  run  h  i 


(  audatopul.imen 

Nik  lens 

•iv  v  um be  ns 

Septum 

ui 

hi 

in 

bi 

1  n 

AAD 

(1  • 

0  1  ' 

0  V8 

-  0  14 

u  r 

0  01 

CHAT 

»  n  • 

(1 

2 

•on 

1  10 

(111 

(.AD 

:  n  • 

0  1' 

t  20 

-  0  28 

4  i\h 

till 

'  Nucleotidase 

5  41  • 

u 

8  VO 

•  0  14 

v  b2 

•  Ml 

(  arnitine 

u  »  • 

o  » 

17  < 

-  4  1 

r  t 

■  2  8 

accl>  Itranslerasc 
(ilutamate  uptake 

0  06V  • 

0  00S 

0  044 

*  0  005 

0  04' 

•  0  004 

Results  are  expressed  as  nmol  mm  mg  protein  and  arc  presented  as  mean  • 
s  I  M 


cyclase  tidase  acetyl-t  uptake 

FIO.  1.  Biochemical  activities  in  rat  caudatoputamen  homogenates  following  local  injection  of  10  nmol  kamic  acid  Results 
presented  as  mean  ;  sem,  percent  of  control  (cf  Table  1  and  2)  Significantly  different  Irom  control  single  asterisk,  p  <0  05 
double  asterisk,  p  <  0  01 
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gu.my  l.itc  c  y  ckrsc  .wtiv  uy  th.in  Minil.tr  control  ptcp- 
ar.ttions  at  this  tunc,  while  the  NaN,  activated 
paniculate  activity  was  slightly  .  and  the  dclcigcnt- 
exttaeted  paiticiilale  activity  was  significantly,  de¬ 
ceased  ciunpaied  with  similarly  treated  control 
picp.uations  t  Fig  2). 

Seven  days  at'tci  the  lesion.  GAD  and  ChAT  ac¬ 
tivities  in  the  caiidatopnt. mien  weie  lediiccd  by 
SO  K5'<,  cainitme  acety  Itiansfcrase  was  reduced 
by  40' i .  while  5 ’-nucleotidase  now  was  significantly 
mu  eased  to  about  150'#  of  the  initial  activity  (Fig. 
II  AAI)  activity  and  glutamate  uptake  were  un¬ 
changed.  At  this  time  point .  gunny  late  cyclase  in  the 
ditlcicnt  homogenate  preparations  was  decreased 
by  70  SO';,  while  the  soluble  activity  was  de- 
cieased  by  about  SO'#.  The  increase  in  the  untreated 
particulate  activity  had  disappeared,  and  a  consid 
eiable  decrease  was  found  in  this  fraction  also  irre¬ 
spective  of  treatment  (Fig.  2). 

I  he  other  nuclei  were  analy  sed  10  days  after 
kainate  injections,  and  detergent  extraction  was 
routinely  used  on  homogenates  and  particulate 
('factions  to  express  maximal  particulate  guanylate 
cyclase  activity  Injection  of  5  nmol  kainate  into  the 
nucleus  accumbens  decreased  guanylate  cyclase 
activity  in  such  Tilton  Heated  homogenates  from 
this  nucleus  by  70';.  this  deciease  representing  an 
appioximate  90'';  fall  in  the  soluble  activity  and  a 
<>0' ;  tall  m  the  particulate  activity  (Fig  3).  In  con¬ 


trast.  guanylate  cyclase  in  the  septum  was  un¬ 
changed  after  septal  injection  of  10  nmol  kainate 
when  tested  both  in  homogenates  (Fig.  4)  and  in 
soluble  and  particulate  fractions  (not  shownl.  The 
kainate  lesion  of  the  nucleus  accumbens  destroyed 
75  K5G  of  the  GAD  and  ChAT  activities  present, 
while  septal  injections  destroyed  70'7  of  the  GAD 
activity  but  left  the  ChAT  activity  in  the  septum 
unchanged.  5’  Nucleoiidase  had  increased  consid¬ 
erably.  while  carnitine  acety llransferasc  was  de¬ 
creased  in  both  regions  (Figs.  3  and  4). 

DISCUSSION 

The  aim  of  the  present  investigation  was  to  iden¬ 
tify  some  properties  of  the  guanylate  cyclase  ac¬ 
tivities  in  the  rat  caudatoputamen.  nucleus  ac¬ 
cumbens  and  septum.  In  the  first  part  of  the  study, 
subcellular  fractionation  demonstrated  guanylate 
cyclase  activity  in  both  soluble  and  particulate 
prep. nations  from  all  three  regions,  with  the  soluble 
activity  most  concentrated  in  the  caudatoputamen 
and  nucleus  accumbens.  The  distribution  of  this 
soluble  guanylate  cyclase  coincided  with  the  activ¬ 
ity  of  the  cholinergic  marker  ChAT  (Fonnum  et  al., 
1977).  but  not  with  the  high  affinity  uptake  of 
glutamate,  a  putative  marker  for  glutamate  nerve 
terminals  (Fonnum  and  Walaas.  197H:  Walaas  and 
Fonnum.  1979).  Interestingly,  acetylcholine  has 


♦ 


FRACTION 


FIG.  2.  Guanylate  cyclase  in  homogenates  and  subcellular  tractions  from  rat  caudatoputamen  alter  local  injection  of  10  nmol 
kamic  and  Samples  prepared  in  30  mM  Tns-HCl.  pH  7  5  plus  5  mM-dithiothreitol  Results  represent  percent  of  similarly  treated 
control  preparations  (Table  t),  and  are  given  as  mean  ;  stM  Single  asterisk,  p  s  0  05.  double  asterisk,  p  <  0.01 
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FIG.  3.  Biochemial  activities  in  rat  nu¬ 
cleus  accumbens  10  days  alter  local 
iniection  ol  5  nmol  kamic  acid 
Guanylate  cyclase  was  analysed  in 
homogenates  (HOM)  soluble  tractions 
(SOL)  and  particulate  fractions  (PAR), 
the  other  activities  were  studied  in 
homogenates  Results  presented  as 
in  Figs  1  and  2  5  -NUC.  5  -nucleo¬ 
tidase  CAR  AT  carnitine  acetyltrans- 
ferase  Significance  single  asterisk, 
p  <  0  05.  double  asterisk,  p  <  0  0V 
n  6 


been  suggested  to  increase  cyclic  GMP  levels  in  the 
caudatoputamen  through  an  activation  of  the  solu¬ 
ble  guanylate  cyclase  only  (Hanley  and  Iversen. 
1978).  In  contrast,  both  the  untreated  and  the  more 
active  detergent-extracted  particulate  guanylate  cy¬ 
clase  activity  was  evenly  distributed  between  the 
nuclei,  unlike  the  neuronal  markers.  This  difference 
in  distribution  pattern  between  the  two  guanylate 
cyclases  is  thus  in  general  agreement  with  previous 
studies  from  other  brain  regions  (Naka/awa  and 
Sano,  1974;  Greenberg  et  al.,  1978;  Troyer  et  al.. 
1978). 

The  cellular  localisation  of  guanylate  cyclase  in 
these  regions  was  then  studied  with  the  kainic  acid 
lesioning  technique.  Previous  studies  have  de¬ 
scribed  the  local  neuronal  necrosis  and  glial  cell 
proliferation  induced  by  this  agent  in  the  caudato- 
putamen  (Hatton  and  McGeer,  1977;  Schwarcz  and 
Coyle,  1977;  Coyle  et  al.,  1978).  the  nucleus  accum¬ 
bens  (Walaas  and  Fonnum.  1979),  and  the  septum 
(Malthe-Sorenssen  et  al..  1980).  The  present 
biochemical  results  are  in  agreement  with  these  re¬ 


ports.  In  the  caudatoputamen.  the  local  ACh  and 
GABA  neurons  were  destroyed  and  the  afferent 
monoamine  and  glutamate  fibres  were  intact  1  week 
after  kainate  injection.  In  addition.  5-nuclcotidase. 
which  in  the  brain  appears  to  be  confined  to  glial 
membranes  (Kreut/berg  et  al..  1978).  increased  in 
activity  in  parallel  with  the  impressive  reactive 
astrocytosis  that  follows  kainate  lesions  (Coyle  et 
al..  1978).  It  is  therefore  suggested  that  an  increase 
in  the  activity  of  this  enzyme  might  reflect  prolif¬ 
eration  of  glial  cells.  Indeed,  injury-induced  pro¬ 
liferation  of  5  -nucleotidase-staining  glial  cells  has 
been  reported  in  other  regions  (Kreutzberg  et  al.. 
1978). 

The  destruction  of  local  neurons  and  accom¬ 
panying  gliosis  led  in  the  caudatoputamen  to  a  con¬ 
sistent  decrease  in  the  homogenate  guanylate  cy¬ 
clase  activity,  irrespective  of  pretreatment,  and  at 
both  2  and  7  days  after  the  lesion.  Thus,  most  of  the 
guanylate  cyclase  activity  in  the  caudatoputamen 
appeared  to  be  concentrated  in  local  neurons.  In 
agreement,  both  the  soluble  and  the  detergent- 
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FIG.  4.  Biochemical  activities  in  homogenates 
liom  rat  septum  10  days  aher  local  injection  ot  10 
nmol  Kamic  acid  Results  presented  as  in  Fig  1 
Single  asterisk  p  <  0  05  double  asterisk,  p  •  0  01 . 
n  7 


extracted  paniculate  activities  decreased  consid¬ 
erably  after  kainate  lesions,  on  time  scales  similar  to 
the  rapid  degeneration  of  neuronal  cy  tosol  and  the 
more  slowly  evolving  degeneration  seen  in  the  par¬ 
ticulate  nerve  cell  components  after  kainate  lesions 
of  the  cuudatoputamen  (Hattori  and  McGeer.  1977. 
Coyle  et  al..  1978).  The  non-detergent-treated  par¬ 
ticulate  guanylate  cyclase  presented  a  mote  compli¬ 
cated  response,  however.  In  most  tissues,  this 
p  rticulate  en/yme  is  present  in  a  partly  occluded 
form,  and  the  full  activity  is  only  expressed  after 
detergent  treatment  (Kimura  and  Murad.  1975; 
Durham.  1976;  Goldberg  and  Haddox.  1977).  In 
view  of  the  consistent  decrease  in  such  detergent- 
extracted  particulate  activity,  it  was  not  expected 
that  a  significant  increase  in  the  non-detergent- 
treated  particulate  guanylate  cyclase  activity  would 
be  found  2  days  after  lesion  Thus,  despite  an  ap¬ 
parent  decrease  in  total  particulate  guanylate  cy¬ 
clase.  the  kainate  lesion  also  appeared  to  induce  a 
reversible,  detergent-sensitive  activation  of  the  re¬ 
maining  paniculate  en/yme  during  the  initial  phase 


of  degeneration.  A  complete  characterization  of  this 
phenomenon  will  require  further  study 

In  conclusion,  both  the  soluble  and  particulate 
guanylate  cyclases  appear  to  be  concentrated  in 
local  neurons  in  the  rat  caudatoputamen.  A  prefer¬ 
ential  ncuional  localization  for  guanylate  cyclase 
has  also  been  suggested  from  previous  studies  on 
soluble  guanylate  cyclase  ftom  whole  rat  brain 
(Gondis  and  Moigan.  1973)  and  ftom  studies  using 
cell  cultures  from  chick  brain  (Goridis  ct  al..  1974). 
However,  a  glial  localization  was  recently  sug¬ 
gested.  based  on  an  increase  in  apparent  guanylate 
cyclase  activity  in  kainate-lesioned  rat  caui}a- 
loputamen  (Tjornhammar  et  al..  1979).  The  differ¬ 
ent  guanylate  cyclase  methods  were  therefore  com¬ 
pared  during  a  collaboration  with  the  latter  authors. 
Despite  using  aliquots  from  the  same  homogenates, 
the  radioimmunoassay  analysis  performed  by  TjOm- 
hammar  et  al.  still  showed  a  pronounced  increase 
in  appareni  guanylate  cyclase  activity,  while  the 
present  radiochemical  method  show-ed  a  60C7  de¬ 
crease  in  activity  2  days  after  lesion  (results  not 
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shown).  The  cause  of  this  discrepancy  has,  then, 
not  been  identified.  However,  the  apparent  reliabil¬ 
ity  of  the  present  radiochemical  method  (Krishna 
and  Krishnan,  1975;  Craven  and  De  Rubertis,  1976; 
Bimbaumer  et  al.,  1979;  this  paper)  suggests  that 
radioimmunoassay  of  cyclic  GMP  formed  in 
kainate-lesioned  caudatoputamen  homogenates 
might  be  subject  to  interfering  factors. 

The  results  from  the  nucleus  accumbens  extend 
our  previous  studies  (Fonnum  et  al.,  1977;  Walaas 
and  Fonnum.  1979)  and  show  that  the  neuro¬ 
chemical  characteristics  of  this  nucleus  are  virtually 
identical  to  those  of  the  caudatoputamen.  Similar 
guanylate  activities  were  found  in  all  types  of 
preparations,  and  all  neurochemical  markers  re¬ 
sponded  similarly  to  kainate  lesions.  Thus,  both 
guanylate  cyclases  are  predominantly  located  in 
local  neurons  in  the  nucleus  accumbens,  as  in  the 
caudatoputamen.  In  the  septum,  however,  kainate 
selectively  destroyed  the  GABA  neurons  but  left 
the  guanylate  cyclase  activities  intact.  Thus,  most 
of  the  cyclic  GMP  synthesis  in  this  region  appears 
to  take  place  in  cells  not  destroyed  by  kainate,  such 
as  glial  cells  or  the  ACh  neurons  in  the  media)  sep¬ 
tum  (Zaczek  et  al.,  1979;  Malthe-Sorenssen  et  al., 
1980).  Kainate  sensitivity  may  be  restricted  to 
neurons  receiving  glutamate  fibres  (Herndon  and 
Coyle.  1977;  McGeer  and  McGeer.  1978;  Biziere 
and  Coyle.  1978;  Kohler  et  al..  1978;  Malthe- 
Sorenssen  et  al.,  1980)  In  the  septum,  such 
glutamate-innervated  neurons,  therefore,  appear  to 
contain  very  low  guanylate  cyclase  activity,  a  con 
elusion  which  argues  against  a  general  second  mes¬ 
senger'  role  for  cyclic  GMP  in  glutamate  neuro 
transmission  (Mao  et  al.,  1974.  Biggio  et  al.,  1978) 
or  kainate  neurotoxicity  (Honegger  and  Richelson. 
1977). 
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SUMMARY 

The  distribution  of  choline  acetyltransferase  (ChAT)  and  glutamate  decarboxy¬ 
lase  (GAD),  and  the  histochemical  reaction  for  acetylcholinesterase  have  been  studied 
in  the  basal  forebrain  and  globus  pallidus  of  unoperated  rats  and  in  rats  with  an 
electrolytic  lesion  of  the  nucleus  accumbens.  ChAT  was  highly  concentrated  in  the 
substriatal  region,  the  neostriatum  and  the  lateral  part  of  the  rostral  substantia 
innominata.  The  strongest  intensity  of  staining  for  acetylcholinesterase  was  found  in 
the  substriatal  grey  and  the  neostriatum.  Very  high  GAD  activity  was  found  in  the 
substantia  innominata,  being  even  slightly  higher  than  that  in  the  pars  reticulata  of 
the  substantia  nigra.  The  lateral  preoptic  area,  the  bed  nucleus  of  the  stria  terminalis 
and  the  globus  pallidus  also  showed  high  activity  of  GAD.  After  lesions  of  the  nucleus 
accumbens  the  activity  of  GAD  decreased  significantly  in  the  substantia  innominata 
and  in  a  restricted  part  of  the  rostroventral  globus  pallidus.  but  not  in  the  other 
regions  studied.  ChAT  activity  and  acetylcholinesterase  staining  were  unaffected  in  all 
regions. 

The  results  indicate  that  a  dense  GABAergic  projection  originates  in  the  nucleus 
accumbens  and  terminates  in  the  rostral  substantia  innominata  and  rostroventral 
part  of  the  globus  pallidus.  The  study  gives  neurochemical  support  to  the  suggestion 
that  nucleus  accumbens  may  be  regarded  as  a  ventral  part  of  the  neostriatum  and  that 
the  rostral  substantia  innominata  may  be  regarded  as  a  ventral  part  of  the  globus 
pallidus. 


INTRODUCTION 

The  basal  forebrain  of  the  rat  is  composed  of  several  indistinctly  outlined  cell 
groups,  among  them  the  preoptic  nuclei,  substantia  innominata  and  the  bed  nucleus 
of  stria  terminalis.  However,  despite  the  close  proximity  of  these  nuclei  and  similarities 


FrtLCtUAoC  lesX  bLAMMWT  IlsMtQ 


96 


326 

in  cytoarchitectonics,  they  receive  alferent  projections  from  different  parts  of  the 
brain.  The  bed  nucleus  of  stria  terminalis  is  innervated  predominantly  by  projections 
from  the  amygdala  and  subiculum'’-32.  while  the  preoptic  areas  receive  their  major 
innervation  from  the  septum  and  from  the  bed  nucleus  of  stria  terminalis*’.  The 
substantia  innominata  is  especially  difficult  to  distinguish  from  the  lateral  preoptic 
area3-'5-16-30,  but  recent  work  has  shown  that  the  rostral  part  of  the  substantia 
innominata  as  defined  by  Swanson3"  receives  a  dense  projection  from  the  nucleus 
accumbens  septi16-36  and  from  the  olfactory  tubercle1’’.  The  accumbens  projection, 
which  seems  to  continue  into  a  restricted  part  of  the  rostroventral  globus  pallidus31-36 
is  not  shared  by  the  other  basal  forebrain  nuclei,  and  Heimer  and  co-workers  have 
therefore  introduced  the  terms  ‘ventral  striatopallidal  pathway'  and  ‘ventral  pallidum' 
to  describe  these  fibres  and  their  termination141". 

We  have  previously  found  a  high  activity  of  the  y-aminobutyric  acid  (GABA) 
marker  enzyme,  glutamate  decarboxylase  (GAD.  EC  4.1. 1.15).  and  an  intermediate 
activity  of  the  acetylcholine  (ACh)  marker  enzyme,  choline  acetyltransferase  (ChAT, 
EC  2.3. 1.6),  in  what  was  tentatively  described  as  substantia  innominata  and  which 
should  correspond  to  the  ‘ventral  pallidum"1-.  In  the  present  communication  these 
observations  have  been  extended.  The  detailed  distribution  of  ChAT  and  GAD  and 
the  acetylcholinesterase  (AChE,  EC  3. 1. 1.7)  staining  pattern  in  the  cell  groups  of  the 
basal  forebrain  have  been  studied,  special  attention  being  paid  to  precise  dissection. 
In  particular,  we  have  investigated  whether  the  concept  of ‘ventral  pallidum'  with  a 
'ventral  striatopallidal'  projection  is  supported  by  neurochemical  data.  The  trans¬ 
mitter  in  the  ‘ventral  striatopallidal"  fibres  has  also  been  identified.  A  preliminary 
report  has  been  presented34. 

EXPERIMENTAL  PROCEDURES 

Surgical  operations 

Male  Wistar  rats  of  1 70-200  g  body  weight,  were  anaesthetized  with  a  mixture  of 
diazepam  and  Hypnorm  Vet  Mekos'.  and  the  animals  were  placed  in  a  Kopf 
stereotactic  apparatus  according  to  the  atlas  of  Kdnig  &  Klippel--.  A  tungsten 
electrode  (0.5  mm  diameter),  insulated  to  the  tip.  was  lowered  through  a  burr  hole  into 
the  nucleus  accumbens  at  coordinates  A:  9.5.  L:  1.0,  V:  — 1.0,  another  electrode  was 
clipped  to  the  edge  of  the  wound,  and  lesions  were  made  with  an  alternating  current 
(0.2  A)  for  3-10  sec.  Three  sham-operated  animals  were  subjected  to  the  same 
procedure,  but  no  current  was  applied.  (All  animals  were  operated  on  and,  or  sacrificed 
between  15  April  and  15  May). 

Tissue  preparation 

Five  to  seven  days  after  operation,  both  lesioned  and  sham-operated  rats, 
together  with  nine  unoperated  animals  were  decapitated  between  09.00  and  1 1.00  h. 
The  brains  were  rapidly  removed  and  frozen  with  a  COs  jet.  and  frontal  40  //m  sections 
cut  in  a  cryostat  as  previously  described11.  Sections  from  the  whole  rostrocaudal 
extent  of  the  nucleus  accumbens  were  thawed  on  microscope  slides,  air  dried  and 
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big.  I .  Composite  drawings  showing  the  extent  of  the  electrolytic  lesions  of  nucleus  accumbens  in  rats 
R I  RU  Ace.  nucleus  accumbens:  CA.  commissura  anterior;  CC\  corpus  callosum;  cp,  caudate-put- 
amen:  oa. anterior  olfactory  nucleus;  OT.  olfactory  tubercle:  PY.  pyriform  cortex;  SL,  lateral  septum: 
SM.  medial  septum:  TD.  diagonal  band :  TOL.  lateral  olfactory  tract;  VL.  lateral  ventricle.  Numbers 
indicate  distance  in  front  of  interaural  line.  Modified  from  Konig  and  Klippel". 


stained  with  thionin  for  mapping  of  the  lesions  (Fig.  I).  Beginning  at  level  A  750022, 
sections  including  the  lateral  preoptic  area,  globus  pallidus  or  substantia  nigra  were 
either  collected,  freeze-dried  and  stored  as  previously  described11,  or  thawed  on 
microscope  slides  and  stained  for  AChE29.  or  with  routine  cells  stains  (thionin  or  May 
Griinwald  Giemsa). 


Dissection 

The  regions  to  be  studied  were  dissected  under  a  binocular  microscope  which 
allowed  corresponding  stained  and  freeze-dried  sections  to  be  viewed  simultaneously. 
Based  on  the  morphological  characteristics  in  our  stained  sections  (Fig.  2)  the 
following  regions  were  taken  out:  a  sample  from  the  neostriatum  immediately  dorsal 
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Fig.  Thionin  stained  frontal  section  (40  «n t)  of  basal  forcbrain  regions  in  the  rat.  taken  front  level 
A  7100--'.  BST.  bed  nucleus  of  the  stria  terntinalis;  L.I’O.  lateral  preoptic  area:  NHDB.  nucleus  of  the 
horizontal  limb  of  the  diagonal  band;  SI,  substantia  innominata;  SSG.  substrialal  gres  region.  Other 
abbreviations  as  in  Fig.  I .  -  30. 
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Fig.  3.  AChE-stained  frontal  section  (40  nml  of  basal  forebrain  regions  in  the  rat.  taken  from  level 
A  6900-’-'.  GP,  globus  pallidus.  Other  abbreviations  as  in  Figs.  1  and  2.  37. 

to  the  commissura  anterior  and  extending  from  the  bed  nucleus  of  the  stria  terminalis 
medially  to  the  medial  border  of  the  "subsiriatal  grey  region"  laterally,  the  bed  nucleus 
of  the  stria  terminalis  both  ventral  and  dorsal  to  the  commissure30,  the  lateral  preoptic 
area  immediately  ventral  to  the  bed  nucleus,  the  substriatal  grey  region,  and  the  rostral 
substantia  innominata  lying  between  the  last  two  regions  (Fig.  2).  In  unoperated 
animals  the  last  sample  was  divided  into  lateral  and  medial  parts.  At  more  caudal 
levels,  the  rostroventra!  tip  of  the  globus  pallidus  adjacent  to  the  bed  nucleus  was 
dissected  instead  of  the  neostriatum.  In  addition,  more  caudal  samples  from  the 
central  part  of  globus  pallidus  and  from  the  rostromedial  pars  reticulata  of  substantia 
nigra  were  taken  for  comparison. 

Biochemical  analysis 

The  samples  (1-5  /rg  dry  weight)  were  weighed  on  a  fishpole  quartz  fibre 
balance-’3,  and  assayed  for  ChAT  or  GAD  activity  with  previously  reported  radio¬ 
chemical  methods91 1-,'-\  Statistical  significance  between  results  was  assessed  with  the 
non-parametric  Wiicoxon  two-sample  test17. 

RESULTS 

Histological  staining  of  the  basal  forebrain  (Fig.  2)  revealed  several  neuronal 
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TABLE  I 

Distribution  of  choline  acetyltransferase  and  glutamate  decarboxylase  in  the  basal  forebrain  and  related 
regions  of  the  rat 

Results  from  3-9  animals,  presented  as  mean  ±  S.E.M.  (number  of  samples). 


Region 

Choline  acetyl  transferase  Glutamate  decar  ho. 

( fiinolihjg  dry  wt.) 

Neostrialum 

84.3  :i  9.7  (4) 

200 

i 

22 

(6) 

Globus  pallidus. 

roslroveniral  part 

20.9  4  3.2  (4) 

700 

:i 

29 

(6) 

central  part 

— 

546 

4 

1 1 

(5) 

Bed  nucleus  of  stria  terminalis. 

ventral  part 

27.8  ±  1.3  (5) 

619 

4 

63 

(7) 

dorsal  part 

21.9  ±  2.2  (5) 

446 

+ 

50 

(7) 

Lateral  preoptic  area 

32.2  ±  3.3  (4) 

755 

d 

75 

(5) 

Substantia  innominata. 

medial  part 

34.8  ±  4.3  (4) 

1075 

71 

(6) 

lateral  part 

79.7  ±  8.5  (5) 

957 

±. 

106  (8) 

Substriatal  grey  region 

150.0  ±  7.9  (5) 

291 

43 

(5) 

Substantia  nigra,  pars  reticulata 

— 

892 

± 

70 

(23) 

populations  showing  different  characteristics  under  optical  microscopy.  The  ventral 
and  dorsal  parts  of  the  bed  nucleus  of  the  stria  terminalis  both  consisted  of  rather 
small,  densely  packed  neurones.  Ventral  to  this,  the  lateral  preoptic  area  contained 
larger,  more  scattered  cells,  while  the  substantia  innominata  displayed  irregular,  large 
and  unevenly  scattered  neurones  (Fig.  2).  Lateral  to  the  substantia  innominata  and 
ventral  to  the  temporal  limb  of  the  anterior  commissure,  the  substriatal  grey  region 
contained  small  neurones,  which  resembled  those  of  the  neostriatum.  The  rostro- 
ventral  part  of  globus  pallidus,  dissected  at  a  slightly  more  caudal  level,  had  similar 
cell  morphology  as  substantia  innominata.  AChE  stained  sections  (Fig.  3)  demon¬ 
strated  a  dense  staining  in  the  neostriatum,  the  substriatal  grey  and  the  horizontal 
nucleus  of  the  diagonal  band.  In  contrast,  the  bed  nucleus  of  the  stria  terminalis  was 
almost  devoid  of  staining  product,  while  the  globus  pallidus  and  the  lateral  preoptic 
area  had  a  few  AChE  positive  ne-.  anes. 

The  substantia  innominata  had  both  some  neuropil  staining  and  AChE-positive 
neurons  (Fig.  3).  The  latter  are  probably  a  dorsal  extension  of  the  dense  aggregations 
of  such  cells  in  the  horizontal  diagonal  band  nucleus8-11*.  The  distribution  of  ChAT  in 
these  regions  (Table  I)  paralleled,  with  few  exceptions,  the  AChE  pattern.  High 
activity  was  found  in  the  substriatal  grey  and  the  caudate-putamen  (neostriatum), 
while  the  bed  nucleus  and  rostral  globus  pallidus  displayed  low  activities.  The  lateral 
preoptic  area  and  medial  part  of  the  substantia  innominata  had  slightly  higher  ChAT 
activity  than  the  bed  nucleus,  while  the  lateral  substantia  innominata  had  approxima¬ 
tely  the  same  activity  as  the  caudate-putamen. 

The  GAD  activity  was  distributed  differently.  Both  parts  of  the  substantia 
innominata  showed  very  high  activity.  These  were  clearly  higher  than  any  paits  of  the 
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TABLE  II 

Glutamate  decarboxylase  in  substantia  innomittata  and  globus  pallidus  following  electrocoagulation 
of  nucleus  accumhens 


Results  presented  as  mean  ±  S.E.M.  (number  of  samples).  Lesioned  side  significantly  tower  than 
unlesioned  side:  P  <_  0.001  ;••*/’<  0.01  ;**/*<  0.02;  *  P  <  0.05  (Wilcoxon  two-sample  test). 


Ani- 

Substantia  innontinata 

Rostroventral  globus  pallidus 

Central  globus  pallidus 

mat 

Unlesioned  side 
( /imollhlg 
dry  wt.) 

Lesioned  side 
u„  of  unlesioned 

Unlesioned 
side  (/tnioll 
h/g  dry  wt.) 

Lesioned  side 
of  un¬ 
lesioned 

Unlesioned 
side  (/mtoll 
h/g  dry  wt.) 

Lesioned  side 
°0  of  un¬ 
lesioned 

Rl 

_ _ 

_ . 

845+24(6) 

52  ±4(6)**** 

582  +  7  (3) 

85  X  18(3) 

R2 

1 192  +  73  (8) 

29±6(6)**** 

— 

— 

— 

— 

R3 

841  ±82  (3) 

40  ±7(3)* 

540  ±47(3) 

60±9  (4)* 

— 

— 

R4 

1099  -  120(4) 

49  +  6(5)** 

694  x  44(5) 

62 ±5  (5)*** 

579 ±  14(3) 

94±4  (3) 

R5 

1002  ±40  (6) 

56±4(6)**** 

596  +  51(4) 

65  +  4  (4)** 

490+  16(3) 

99±I0(3) 

R6 

1361-58  (II) 

63±5(ll)**** 

859  +  56(3) 

82  ±4  (3)* 

983  ±82(3) 

82±8  (3) 

R7 

1137x108(9) 

73±5(IO)*** 

683  ±37(2) 

87  ±7  (4)* 

— 

— 

R8 

946  :  54  (7) 

99+4(7) 

654  ±78(3) 

100X15(3) 

658  ±9  (3) 

108  +  8  (3) 

R9 

930  •- 147(5) 

96 ±  9(7) 

— 

— 

— 

— 

globus  pallidus  and  even  slightly  higher  than  the  activity  in  pars  reticulata  of 
substantia  nigra  (Table  l).  The  rostroventral  part  of  globus  pallidus,  the  ventral  part  of 
the  bed  nucleus  and  the  lateral  preoptic  area  also  showed  high  GAD  activity,  while  in 
the  dorsal  part  of  the  bed  nucleus  it  was  slightly  less.  Compared  with  these  regions,  the 
substriatal  grey  and  the  caudate- putamen  showed  rather  low  GAD  activity. 

Electrocoagulations  of  the  nucleus  accumbens  (Fig.  I)  caused  different  types  of 
lesions  depending  on  the  duration  of  the  lesioning  current.  In  animals  R1-R4  almost 
all  accumbens  tissue  was  destroyed,  in  R5-R7  the  rostrodorsal  part  of  the  nucleus  was 
destroyed  but  the  ventrocaudal  part  was  intact,  and  in  R8  and  R9  only  a  small  part 
situated  rostrodorsal ly  was  affected.  In  addition,  the  anterior  olfactory  nucleus,  parts 
of  the  septum,  and  the  medial  caudate-putamen  were  affected  to  a  limited  degree  in  all 
animals  (Fig.  I). 

In  lesioned  animals  the  GAD  activity  on  the  contralateral,  unlesioned  side  was 
similar  to  the  activity  in  samples  from  unlesioned  animals  (compare  Table  I  and  II). 
The  effect  of  lesion  is  therefore  expressed  as  the  percentage  of  the  activity  in  the 
contralateral  side  of  the  lesioned  animals  (Table  II). 

Following  lesions  in  rats  R1-R7  the  GAD  activity  in  both  substantia  innomi- 
nata  and  the  rostroventral  part  of  the  globus  pallidus  decreased  significantly.  The 
maximum  decrease  was  found  after  the  largest  accumbens  lesions  (Table  II,  R1-R4), 
while  no  significant  decrease  was  found  after  the  small  lesions  in  R8  and  R9.  In 
contrast,  there  was  no  correlation  between  the  extent  of  the  septal  or  striatal 
involvement  in  the  lesions  and  the  decrease  in  GAD  activity  (compare  the  septal 
lesions  in  R I  vs  R8  and  the  striatal  lesions  in  R5  vs  R9).  GAD  in  the  central  part  of  the 
globus  pallidus  was  unaffected  by  all  types  of  lesions,  and  this  was  also  true  in  the  bed 
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TABLE  III 

Choline  acetyltransferase  in  substantia  innominata ,  rostral  globus  pallidus  and  ventral  neostriatum 
following  electrocoagulation  of  nucleus  accumbens 

Results  from  6-15  samples  from  animals  R3,  RS,  R6  and  R7,  presented  as  mean  ±  S.E.M. 

Unlesiontd  side  Lesioned  side 

(/tmol/hlg  dry  wt.)  “ „  of  unlesioned 

Substantia  innominata  54.9  ±  5.6  106  ±  li 

Rostroventral  globus  pallidus  21.0  ±  4.2  112  i  8 

Ventral  neostriatum  83.3  ±  12.0  97  •*  II 


nucleus  of  stria  terminalis  (94  ±  8%),  lateral  preoptic  area  (120  ±14%)  and  in  the 
neostriatum  adjacent  to  the  substantia  innominata  (I0S  ±  13%)  (mean  ±S.E.M., 
data  from  Rl,  R3,  R4  and  RS). 

In  contrast  to  GAD,  ChAT  activity  in  animals  with  large,  intermediate  or  small 
accumbens  lesions  was  unchanged  in  both  the  substantia  innominata  and  the 
rostroventral  globus  pallidus  (Table  III).  In  addition,  ChAT  in  samples  from  the 
neostriatum  adjacent  to  the  lesion  was  not  changed  (Table  III),  a  finding  which 
eliminates  the  possibility  that  an  unspecific  heat  effect  was  responsible  for  the  decrease 
in  GAD  activity  in  substantia  innominata  and  globus  pallidus.  The  AChE  staining 
pattern  was  not  visibly  affected  by  any  of  the  lesions. 

DISCUSSION 

Two  points  deserve  special  consideration  in  the  present  study :  the  identity  of  the 
transmitter  in  a  major  efferent  projection  of  the  nucleus  accumbens,  and  the 
classification  of  the  region  in  the  basal  forebrain  where  these  fibres  terminate. 

The  indistinct  morphology  of  the  basal  forebrain  in  the  rat  has  been  an  obstacle 
to  a  clear  functional  classification  of  the  nuclei  present3  5-15-30.  This  is  also  reflected  in 
neurochemical  studies,  which  have  shown  high  concentrations  of  several  putative 
transmitters  in  this  region,  but  which  —  except  for  the  bed  nucleus  of  the  stria 
terminalis  —  have  failed  to  provide  for  a  detailed  neurochemical  characterization  of 
the  different  neuronal  populations  present1-2-21-20.  In  particular,  the  precise  distribu¬ 
tion  of  the  very  high  GAD  activity  in  the  region  has  not  been  unequivocally 
defined12-14-33.  In  an  effort  to  clarify  these  issues,  we  have  in  the  present  work 
characterized  the  morphology  of  the  basal  forebrain  in  the  rat  with  thionin  and  AChE 
staining.  The  different  nuclei  were  identified  following  the  description  of  Swanson30, 
and  the  activity  of  the  specific  ACh  and  GABA  markers,  ChAT  and  GAD10,  were 
analysed. 

The  results  indicate  that  the  neurones  in  the  basal  forebrain  adjacent  to  the 
anterior  commissure  can  be  divided  into  4  principal  groups,  e.g.  the  bed  nucleus  of  the 
stria  terminalis,  the  lateral  preoptic  area,  the  substantia  innominata  together  with  the 
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rostroventral  globus  pallidus,  and  the  substtiatal  grey  region  together  with  the 
neostriatum.  Morphologically,  3  regions  are  well  discernible.  The  neurones  in  the 
lateral  preoptic  region  and  rostral  substantia  innominata  are  rather  similar,  and  no 
clear  border  separates  these  nuclei.  In  contrast,  the  neurones  in  the  bed  nucleus  of  the 
stria  terminalis  are  clearly  different  from  those  in  the  lateral  preoptic  area  and  the 
substantia  innominata,  and  these  regions  are  well  separated  by  a  cell-free  zone. 
Similarly,  the  neurones  in  the  substriatai  grey  region  is  markedly  different  from  those 
in  the  substantia  innominata,  and  a  sharp  border  also  separates  these  regions  (Fig.  2). 
The  rostroventral  globus  pallidus  demonstrates  morphological  similarities  with  the 
substantia  innominata  and  lateral  preoptic  area,  while  the  neostriatum  is  similar  to  the 
substriatai  grey  region. 

This  classification  is  also,  at  least  partly,  reflected  in  the  transmitter  composition 
of  the  regions.  The  bed  nucleus  of  the  stria  terminalis  has  a  dense  population  of 
GABAergic  fibres,  but  an  unimportant  cholinergic  innervation,  in  agreement  with 
other  reports1'2.  In  contrast,  the  substriatai  grey  region  is  densely  innervated  by 
cholinergic  fibres,  and  has  only  a  sparse  population  of  GABAergic  terminals,  like  the 
neostriatum.  The  lateral  preoptic  area,  the  rostral  substantia  innominata  and  the 
rostroventral  globus  pallidus  seem  to  be  intermediate.  They  all  have  a  population  of 
AChE-positive  cells,  which  are  most  numerous  in  the  substantia  innominata.  The 
cholinergic  innervation  of  these  nuclei  as  indicated  by  the  ChAT  activity  is  quan¬ 
titatively  unimportant  in  the  rostroventral  globus  pallidus.  more  dense  in  the  lateral 
preoptic  area,  and  quite  considerable  in  the  lateral  substantia  innominata.  In  contrast, 
a  very  dense  GABAergic  innervation  is  found  in  all  these  nuclei.  These  GABA 
terminals  are  most  highly  concentrated  in  the  rostral  substantia  innominata.  which  has 
even  higher  GAD  activity  than  the  pars  reticulata  of  the  substantia  nigra. 

Thus,  only  small  morphological  and  neurochemical  differences  are  found 
between  the  lateral  preoptic  area  and  the  rostral  substantia  innominata  and  rostro¬ 
ventral  globus  pallidus.  The  3  regions  differ,  however,  in  their  fibre  connections.  The 
lateral  preoptic  area  receives  fibres  from  the  septum  and  sends  efferents  to  the 
habenula1 5-24-30,  while  the  rostral  substantia  innominata  and  the  rostroventral  globus 
pallidus  have  a  major  input  from  the  nucleus  accumbens  and  do  not  project  fibres  to 
the  habenula15.  Also,  the  origin  of  the  GABAergic  fibres  in  the  regions  seems  to  be 
different.  In  the  present  work,  the  lesion  experiments  indicate  that  most  of  the  GABA 
terminals  in  the  rostral  substantia  innominata  and  the  rostroventral  part  of  globus 
pallidus  originate  in  the  nucleus  accumbens  while  those  in  the  lateral  preoptic  area  do 
not.  Thus,  the  decrease  in  GAD  in  the  substantia  innominata  and  rostroventral 
pallidum  correlated  well  with  the  extent  of  the  accumbens  lesion,  it  was  found  to  be 
independent  of  the  involvement  of  the  septum  or  the  neostriatum,  and  it  was  restricted 
to  those  parts  of  the  basal  forebrain  and  globus  pallidus  which  are  known  to  receive 
accumbens  fibres.  These  results  make  it  unlikely  that  the  decrease  in  GAD  activity  was 
the  result  of  damage  to  fibres  passing  through  the  nucleus  accumbens  but  originating 
elsewhere.  Judged  on  the  amount  of  GAD  activity  destroyed  by  this  lesion,  this  fibre 
tract  must  be  one  of  the  most  dense  GABA  projections  in  the  rat  brain. 

We  thus  suggest  that  most  of  the  GABA  terminals  in  the  rostroventral  globus 
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pallidus  and  the  rostral  substantia  innominata  belong  to  an  accumbens-related 
functional  system48,  which  is  dearly  different  from  that  of  the  hypothalamus-related 
preoptic  nuclei5  30.  The  nucleus  accumbens  has  traditionally  been  regarded  as  part  of 
the  ‘limbic  system"18'27.  However,  recent  anatomical  and  biochemical  data  indicate 
that  the  nucleus  in  many  ways  is  similar  to  the  neostriatum,  both  regarding  afferent 
connections  and  intrinsic  neurones12-18'3-1.  It  is  therefore  interesting  that  the  present 
work  also  indicates  similarities  in  efferent  connections.  Thus,  the  neostriatum  has  been 
found  to  send  a  dense  GABAergic  projection  to  the  main  body  of  globus  pallidus131*, 
whereas  nucleus  accumbens,  as  shown  in  the  present  work,  probably  sends  a 
GABAergic  projection  to  a  ventral  extension  of  this  nucleus.  This  finding  consequently 
gives  additional  credence  to  the  proposal  that  the  nucleus  accumbens  might  be 
regarded  as  a  'ventral  striatum",  that  the  rostral  substantia  innominata  might  be 
regarded  as  a  'ventral  pallidum",  and  that  these  two  regions  are  connected  by  a  'ventral 
striatopallidal"  projection1516.  The  remainder  of  the  GAD  activity  in  the  'ventral 
pallidum"  may  possibly  derive  front  fibres  originating  in  the  olfactory  tubercle. 
Although  these  fibres,  which  probably  would  be  unharmed  by  our  lesions  (Fig.  I), 
terminate  in  a  slightly  more  ventral  and  lateral  part  of  the  substantia  innominata  than 
the  fibres  from  the  nucleus  accumbens15,  they  would  still  be  included  in  our  samples. 

The  origin  of  cholinergic  fibres  in  the  basal  forebrain  remains  unanswered  by 
this  study.  However,  we  have  previously  shown  that  the  basal  forebrain  does  not 
receive  ascending  choiinergic  fibres12,  and  it  has  also  been  shown  that  the  ChAT 
activity  in  samples  from  the  lateral  preoptic  area  which  probably  included  the 
substantia  innominata  as  defined  in  this  paper,  is  decreased  by  local  kainic  acid 
application8.  It  is  therefore  possible  that  most  of  these  cholinergic  fibres  are  derived 
from  local  neurones,  some  of  which  probably  belong  to  the  predominantly  cholinergic 
system  of  'magnocel/ular  nuclei  of  the  basal  forebrain",  which  project  widely  to  the 
cortex  and  brain  stem7'20'23. 
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BIOCHEMICAL  EVIDENCE  FOR  y-AMINOBUTYRATE 
CONTAINING  FIBRES  FROM  THE  NUCLEUS 
ACCUMBENS  TO  THE  SUBSTANTIA  NIGRA  AND 
VENTRAL  TEGMENTAL  AREA  IN  THE  RAT 

I.  W  ala  as  and  F.  Fonnum 

Norwegian  Defence  Research  Establishment  Division  for  Toxicology.  N-2007  Kjeller.  Norway 

Abstract  Glutamate  decarboxylase  activity,  a  specific  marker  for  y-aminobutyrate-containing  neurons, 
has  been  analysed  in  microdissected  samples  from  rat  mesencephalon  following  unilateral  electrocoagu¬ 
lations  of  the  nucleus  accumbens  This  lesion  resulted  in  a  consistent  decrease  of  50”, ,  in  the  enzyme 
activity  in  the  rostromedial  substantia  nigra,  and  a  slight,  but  insignificant  decrease  ( - 1 5°„|  in  the 
medial  parts  of  the  caudal  pars  compacla  of  the  substantia  nigra.  No  change  was  found  in  the  lateral 
pars compacta  or  the  central  pars  reticulata  In  the  ventral  tegmental  area,  the  highest  activity  was  found 
in  the  rostromedial  part,  adjacent  to  the  mammillary  body.  At  this  level,  a  significant  decrease  of  20",. 
was  found  in  the  ventral  tegmental  area  on  the  lesioned  side  In  contrast,  the  activities  in  the  medial 
accessory  optic  nucleus  and  the  caudal  ventral  tegmental  area  adjacent  to  the  interpenduncular  nucleus 
were  unchanged 

The  results  indicate  that  the  nucleus  accumbens  sends  y-aimnobutyratc-containing  fibres  to  the  rostro- 
mcdial  substantia  nigra  and  to  the  rostral  ventral  tegmental  area.  The  caudal  ventral  tegmental  area,  the 
lateral  pars  compacta  and  the  central  pars  reticulata  do  not  receive  measurable  amounts  of  such  fibres 


The  nucleus  accumbens  septi  distributes  nerve  fibres 
to  a  considerable  number  of  brain  regions,  and  seems 
to  be  able  to  exert  a  widespread  influence  on  brain 
functions  (Powell  &  Leman.  1976;  Conrad  &  Pfafe. 
1976;  Williams.  Crossman  &  Slater.  1977;  Nauta. 
Smith.  Faull  &  Domesick.  1978).  One  of  the  quanti¬ 
tatively  dominating  projections  terminates  in  the 
mesencephalon,  where  the  fibres  distribute  densely  to 
rostral  parts  of  the  ventral  tegmental  area  of  Tsai  and 
the  dorsomedtal  substantia  nigra  (Swanson  & 
Cowan.  1975;  Conrad  &  Pfaff.  1976:  Nai  ta  et  al.. 
1978;  Phillipson.  1978).  These  fibres  may  be  impor¬ 
tant  both  as  a  regulator  of  the  ’mesolimbic'  dopamine 
neurons  in  the  ventral  tegmental  area,  which  in  turn 
project  bact  to  the  nucleus  accumbens  (Ungerstfdt. 
1971;  Simon.  LeMoal.  Galey  &  CardO.  1976; 
Nav  ta  el  al..  1978k  and  as  an  input  to  the  nigral 
complex  The  identification  of  the  neurotransmitter(s) 
in  these  fibres  would  therefore  be  of  considerable 
interest.  y-Aminobutyric  acid  (GABA)  has  potent 
actions  on  the  dopamine-containing  cells  in  the  ven¬ 
tral  tegmental  area  (Fuxf.  Hokfelt.  Lji  ngdahl. 
Agnate  Johanson  &  Perez  de  la  Mora.  1975;  Pal- 
frfyman.  Hiot.  Lippert  &  Schechttr.  1978)  and 
has  been  proposed  as  a  transmitter  candidate  on 
physiological  and  pharmacological  grounds  (Wolf. 
Olpe,  Avrith  &  Haas.  1978;  Stevens,  1979).  How¬ 
ever.  previous  neurochemical  studies  have  given  con¬ 
flicting  results  (Fonnum.  Wai.aas  &  Iversen.  1977; 
MuGfer.  McGfer  &  Hattori.  1977;  Waddington 
&  Cross.  1978).  The  present  study  was  initiated  in  an 


Abbreviation*  GABA,  y-aminobutyrate;  GAD.  i.-gluta- 
matc  decarboxylase 


effort  to  resolve  this  problem,  taking  advantage  of  the 
precise  and  restricted  distribution  of  the  fibres  from 
the  nucleus  accumbens  (Nauta  et  al..  1978).  Follow¬ 
ing  unilateral  electrocoagulations  of  the  nucleus 
accumbens  we  have  dissected  parts  of  the  substantia 
nigra  and  ventral  tegmental  area  from  freeze-dried 
sections,  and  analysed  the  activity  of  the  specific 
GABA  marker  glutamate  decarboxylase  (GAD.  EC 
4.1.1.15k  on  both  the  lesioned  and  unlesioned  side. 
Adjacent  regions  have  been  analysed  as  control.  Some 
preliminary  results  have  been  presented  (Walaas  & 
Fonnum.  1979<i). 

EXPERIMENTAL  PROCEDURES 

Materials 

White  Wistar  male  rats  of  180  2IOg  body  weight  were 
from  Mollergaard-Hanssens  Avlslaf  >ratorium.  Denmark, 
i -f l-l4C)gluiamic  acid  was  from  The  Radiochemical 
Centre.  Amersham.  U  K 

Lesions 

The  animals  were  anaesthetized  with  fcntanyl  citrate  and 
fluanisone  (Hypnorm  vet..  Mekos.  0.1  ml  s.c.t  and  valium 
(Roche.  0.75  mg  t.p.l.  and  placed  in  a  stereotactic  frame- 
after  Konk.  &  Klippii  (I96.H  The  skull  was  opened  wuh 
a  denial  drill,  and  a  lungslen  electrode  insulated  to  the  lip 
(0.5  mm  diameter)  was  lowered  into  the  nucleus  accumbens 
9.5  mm  in  from  of  the  interaural  line.  1.2  mm  lateral  to  the 
midline  and  5.5  mm  below  the  dura.  Another  elect  rode  was 
clipped  to  the  wound  edge,  and  lesions  were  made  with  an 
alternating  current  <0.2  Al  for  10 s  The  lesions  were  placed 
randomly  on  the  right  or  the  left  side  in  different  rats. 

Tissue  preparation 

Five  six  days  after  operation  the  rats  were  decapitated, 
the  brains  rapidly  removed  and  frozen  on  a  microtome 
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Fk,  1  Schematic  outline  of  lesions  destroying  the  nucleus  accumbens  in  animals  Rl  Rh  A.  nucleus 
accumbens:  CP.  caudatoputamen.  S.  septum:  OT.  olfactory  tubercle:  TD.  diagonal  band  nucleus 


chuck  with  a  COj  jet  A  knife  mark  was  made  in  the  cortex 
on  the  lesioncd  side,  and  frontal  40  pm  sections  were  cut  at 
- 16  C.  Sections  from  the  rostral  telencephalon  were 
thawed  on  microscopic  slides,  air-dried  and  stained  with 
thionin  for  mapping  of  the  lesions  (Fig  I  and  Table  II 
Between  levels  A  2800  and  A  1300  (Kijsio  &  Klipph. 
1463)  each  6th  section  was  taken  for  cell-staining,  while  the 
intermediate  sections  were  collected.  freeze-dried  and 
stored  as  previously  described  IFonncm.  Storm- Mathistn 
&  Wairirc;.  1970) 

H  islologuol  preparation 

Cooperated  animals  were  perfused  through  the  ascend¬ 
ing  aorta  with  50 ml  isotonic  saline  followed  by  Bourn's 
fixative  for  30  min  The  brains  were  fixed  overnight  in 
Bourn's  fixative,  dehydrated,  embedded  in  paraffin  and 
sectioned  in  series  at  5  pm.  Every  tenth  section  from  the 
mesencephalon  was  mounted  and  stained  with  tolutdine 
blue 

Oiwei  non 

The  freeze-dried  sections  were  inspected  simultaneously 
with  adjacent  cell-stained  40pm  sections  from  the  same 


animal  in  a  stereomicroscope  The  lesioncd  side  was  identi¬ 
fied  by  means  of  the  knife  cut  in  the  cortex,  and  the 
samples  were  dissected  with  broken  razor-blade  splints 
Rostrallv.  the  medial  accessory  optic  nucleus,  the  fasci¬ 
culus  retroflexus  and  the  mammillary  penduncle  were 
easily  visible  and  used  as  reference  points.  The  ventral 
tegmental  area  was  dissected  between  the  mammillarv 
peduncle,  the  medial  lemniscus  and  the  medial  accessory 
optic  nucleus  The  rostromedial  substantia  nigra  was  dis¬ 
sected  adjacent  to  the  medial  accessory  optic  nucleus,  and 
the  central  parts  reticulata  of  the  substantia  nigra  was  dis¬ 
sected  dorsal  to  the  crus  cerebri  |Fig  21.  Some  samples 
were  also  taken  from  the  medial  ijccessorv  optic  nucleus 
More  caudaliy  the  ventral  tegmental  area  was  taken  adja¬ 
cent  to  the  easily  visible  interpeduncular  nucleus,  while  the 
substantia  nigra  was  divided  into  medial  and  lateral  pars 
compacta  and  central  pars  reticulata  l  Fig  2). 

Some  of  the  dissected  sections  were  mounted  on  egg 
albumin  glycerol  coated  slides,  fixed  in  10".,  formalin  and 
stained  for  acetylcholinesterase  (Storm-Math  tsi s.  I970i 
in  order  to  vizualize  the  ventral  tegmental  area  and  pars 
compacta  of  the  substantia  nigra  iFonmm  vt  al..  I977|. 
Inspection  of  these  slides  revealed  a  precise  dissection  of 


Animal 


Rl 

R2 

R3 

R4 

R5 

R6 


Tabu  I.  Exttnt  ot  ti.FrTROo(>Aut  j.ations  ot  thi  m cites 


Nucleus 

accumbens 


Olfactory 

Caudatoputamen  tubercle 


M  *  I 


AC  (  l  Stitt  SS 


Diagonal  band  Bed  nucleus  of 
nucleus  stria  termmalis 


r.  Rostral:  d.  dorsal  The  number  of  plus  signs  indicates  the  extent  of  destruction 


Septum 


109 


y-Amiiuihutyratc  in  nucleus  uccumhcns  efferents  65 


Fite  2.  Drawings  based  on  toluidine-stained  sections  from 
the  mesencephalon,  demonstrating  approximate  outline  of 
the  different  nuclei  and  localization  of  dissected  samples 
(At  rostral  mesencephalon  Dissected  samples:  I.  central 
pars  reticulata:  II.  rostromedial  substantia  nigra.  111. 
medial  accessory  optic  nucleus:  IV.  ventral  tegmental  area 
(B)  Caudal  mesencephalon  I.  central  pars  reticulata:  II. 
lateral  pars  compacta:  III.  medial  pars  compacta:  IV. 
ventral  tegmental  area 

Abbreviations.  AON.  medial  accessory  optic  nucleus: 
FR.  fasciculus  retroflexus:  IP.  interpeduncular  nucleus: 
CC.  crus  cerebri:  NR.  nucleus  ruber.  ML.  medial  lem¬ 
niscus.  MB.  mammillary  body:  MP.  mammillary  peduncle: 
SNC.  substantia  nigra,  pars  compacta.  SNR.  substantia 
nigra,  pars  reticulata.  OC.  oculomotor  nerve 

the  accessory  optic  nucleus,  the  ventral  tegmental  area  and 
the  rostromedial  substantia  nigra,  while  some  samples 
from  the  caudal  pars  compacta  extended  slightly  into  the 
dorsal  pars  reticulata,  or  into  the  tissue  between  the  sub¬ 
stantia  nigra  and  the  medial  lemniscus.  Thus,  some  vari¬ 
ation  would  be  expected  in  the  results  from  the  caudal  pars 
compacta.  especially  in  the  lateral  part. 

Biochemical  analysis 

Under  microscopic  guidance  the  samples  (02  15  |tg  dry 
weight)  were  collected,  moved  to  a  fishpole  quartz  fibre 
balance  (Lowry.  1953).  weighed  and  transferred  to  the 
assay  tubes.  Glutamate  decarboxylase  (GAD)  activity  was 
analysed  by  a  COj-trapping  method  as  described  (Fonnum 
tt  al.  1970;  1977).  with  a  final  concentration  of  20mM 
t  -glutamic  acid.  The  Wilcoxon  two  sample  test  was  used  to 
evaluate  the  results  statistically 

RESULTS 

Histological  studies 

Histological  staining  of  sections  from  the  mesen¬ 
cephalon  was  performed  in  order  to  characterize  the 
neuronal  population  present  in  the  regions  investi¬ 
gated  in  this  study  (Fig  2)  In  the  rostral  samples,  the 


medial  accessory  optic  nucleus  was  found  between  the 
crus  cerebri  and  the  mammillary  peduncle.  It 
extended  from  the  ventral  surface  of  the  brain, 
between  the  medial  substantia  nigra  and  the  ventral 
tegmental  area,  and  the  medium-sized  cells  found 
seemed  to  be  preferentially  oriented  in  a  ventro¬ 
medial  dorsolateral  direction  (Fig.  3).  This  nucleus 
was  easily  visible  in  the  freeze-dried  sections,  having  a 
more  dense  appearance  than  adjacent  regions  when 
illuminated  from  below  The  rostromedial  nigral 
sample  comprised  a  region  extending  from  the  dorsal 
border  of  the  crus  cerebri  to  the  dorsal  parts  of  the 
medial  pars  compacta.  Medially,  this  sample  bordered 
upon  the  accessory  optic  nucleus,  and  it  extended 
laterally  0.1 -0.2  mm  into  the  substantia  nigra  (Fig.  21. 
Vcntrally.  this  sample  contained  tissue  from  the  pars 
reticulata,  with  a  few  medium-sized  neurons,  while 
dorsally  a  dense  population  of  both  fusiform  and  pyr¬ 
amidal  pars  compacta  neurons  (Fallon,  Riley  & 
Moore.  1978;  Jt  ra.sk a.  Wilson  &  Groves.  1977)  was 
included  The  ventral  tegmental  area  comprised  more 
scattered  neurons,  most  of  them  being  identical  in 
appearance  to  the  pars  compacta  cells  (Fig.  3). 

In  more  caudal  regions,  the  medial  pars  compacta 
was  pierced  by  fascicles  from  the  oculomotor  nerve 
and  by  perforating  blood  vessels.  Laterally  it  blended 
with  adjacent  regions  without  any  distinct  border. 
Also  at  this  level,  the  pars  compacta  neurons 
extended  without  interruption  into  the  caudal  ventral 
tegmental  area,  where  they  became  more  sparse  in  the 
region  dorsolateral  to  the  interpeduncular  nucleus 
(Fig.  2). 

Effects  of  the  lesion  on  glutamate  decarboxylase 
actirity 

Anatomical  studies  have  demonstrated  a  strict  uni¬ 
lateral  distribution  of  both  the  striatonigral  (Bunney 
&  Aghajanian.  1976:  Tlllixh.  Arbuthnott  & 
Wright,  1978)  and  the  accumbens  mesencephalic 
fibres  (Nauta  el  al.  1978L  and  we  have  previously 
shown  that  a  hemitransection  of  the  brain  is  without 
effect  on  GAD  in  the  contralateral  mesencephalon 
(Fonni  m  el  al..  I977|.  In  the  present  study,  we  have 
therefore  used  the  unlestoned  side  as  ‘normal .  and 
compared  the  biochemical  results  found  here  with 
those  on  the  lesioned  side. 

Distribution  of  glutamate  decarboxylase  in  the 
mesencephalon.  On  the  unlestoned  side,  the  highest 
GAD  activity  was  found  in  the  central  pars  reticulata 
and  in  samples  from  the  rostromedial  substantia  nigra 
(Table  2).  The  latter  sample  comprised  both  the  pars 
reticulata  and  the  pars  compacta.  and  separate  analy¬ 
sis  of  these  regions  revealed  equal  activities  in  both 
(results  not  shown)  Lower  activity  was  found  in  both 
medial  and  lateral  parts  of  the  caudal  pars  compacta 
(Table  3)  In  the  ventral  tegmental  area,  the  highest 
activity  was  found  rostrally  (Tables  2  and  3)  The  dis¬ 
tribution  of  GAD  in  the  caudal  ventral  tegmental 
area  and  caudal  pars  compacta  is  tn  general  agree¬ 
ment  with  our  previous  results  (Fonnum  et  al..  1977). 
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Table  3.  Glutamate  decarboxylase  activity  in  mesencephalic  niti.fi  following  i  i  k  trotoagi  i  ation  h»  the 

NUCLEUS  ACCCMBENS 


Contralateral  side  to  lesion 

Ipsilateral  side  to  lesion 

Region 

(pmol  h  g  dry  wt( 

("„  of  unlesionedl 

Caudal  ventral  tegmental  area 

178  +  15(9] 

97  ±  9  ( 1 5| 

Caudal  substanti  nigra,  medial  pars  compacta 

354  +  34114) 

85  ±  11(11) 

Caudal  substantia  nigra,  lateral  pars  compacta 

396  ±  67(1)1 

98  +  22(10) 

Medial  accessory  optic  nucleus 

190  ±  12(9) 

92  t  5(8) 

Results  from  five  animals,  presented  as  mean  +  S.E.M  (number  of  samples] 


The  medial  accessory  optic  nucleus  had  distinctly 
lower  activity  than  the  adjacent  ventral  tegmental 
samples,  and  very  much  lower  than  the  rostromedial 
nigral  region  immediately  lateral  to  it  (Tables  2 
and  3). 

Extent  oj  the  lesions.  Inspection  of  the  telencephalic 
sections  demonstrated  that  the  nucleus  accumbens  as 
usually  defined  (Konig  &  Klippel,  19631  has  been 
destroyed  in  all  animals,  and  that  the  globus  pallidus. 
the  caudal  caudatoputamen  and  the  anterior  hypo¬ 
thalamus  were  unharmed  (Fig.  2).  However,  the 
lesions  were  not  restricted  to  the  nucleus  accumbens. 
In  animals  Rl.  R2  and  R6,  a  part  of  the  rostromedial 
caudatoputamen  was  also  involved,  and  in  Rl  and  R6 
the  lesion  also  encroached  slightly  upon  the  lateral 
septum  and  rostral  parts  of  the  dorsal  bed  nucleus  of 
the  stria  terminalis  (Table  1 ).  The  nucleus  of  the  dia¬ 
gonal  band  was  involved  in  animal  R6  In  animals  R3. 
R4  and  R5  the  lesion  left  the  caudatoputamen  and  the 
bed  nucleus  of  the  stria  terminalis  intact.  However, 
these  lesions  involved  most  of  the  ventral  ipsilateral 
septum  and  the  nucleus  of  the  diagonal  band. 
Animals  R4  and  R5  also  had  small  lesions  in  the 
mediorostral  olfactory  tubercle  (Table  I ). 

Glutamate  decarboxylase  ipsilateral  to  the  lesion. 
Biochemical  analysis  on  the  lesioned  side  showed  that 
the  activity  of  GAD  was  markedly  reduced  in  the 
rostromedial  substantia  nigra  but  not  in  the  adjacent 
medial  accessory  optic  nucleus.  This  decrease  was 
found  both  in  ventral  and  dorsal  parts  of  this  sample, 
and  was  independent  of  the  involvement  of  the 
septum,  the  caudatoputamen.  the  nucleus  of  the  dia¬ 
gonal  band  or  the  bed  nucleus  of  the  stria  terminalis 
iTable  2)  Therefore  it  seems  to  be  a  specific  result  of 
the  accumbens  lesion  only.  In  the  ventral  tegmental 
area  rostral  to  the  mterpenduncular  nucleus,  smaller 
decreases  in  GAD  (10-31°,,)  were  found  in  five 
animals.  These  decreases  were  most  substantial  in 
animals  R3  and  R5.  both  with  considerable  septal  in¬ 
volvement,  but  they  were  also  statistically  significant 
in  R2  and  R6  (P  <  0.05  and  P  <  0.01,  respectively), 
animals  where  the  septum  was  barely  touched  by  the 
lesion. 

A  slight  but  insignificant  decrease  in  GAD  activity 
was  also  found  in  the  medial  part  of  the  caudal  pars 
compacta  of  the  substantia  nigra.  The  lateral  pars 
compacta,  the  central  pars  reticulata,  the  caudal  ven¬ 
tral  tegmental  area  and  the  medial  accessory  optic 


nucleus,  regions  which  receive  few  or  no  fibres  from 
the  nucleus  accumbens  (Nai  ta  et  a!..  19781  all  dis¬ 
played  unchanged  activity  after  the  lesions  (Table  2l 

DISCI  SSION 

y-Aminobulyrate  in  the  mesencephalon 

The  GABAergic  fibres  reaching  the  mesencephalon 
probably  have  an  important  influence  on  the  local 
dopaminergic  cells  (Chframy.  Nlltil  uon  &  Gt.ovv- 
inski.  1978:  Cattabeni.  Blgattl  Groppitti.  Maggi. 
Parenti  &  Racagni.  1978 L  but  recer  ,.  idtr«  have 
shown  that  they  also  may  be  involve J  in  behaviour 
not  mediated  by  monoamines  (S<  hiii  -KRi  gir  Arnt 
&  Magfluno.  1977;  Di  Chiara.  PoR(EI)l)!  .  Mor- 
elli.  Ml  las  &  Gessa,  1978.  Waooingtun.  1978.  see 
also  review  by  Dray.  1979),  Thus,  the  functional 
organization  of  these  fibres  may  be  more  complicated 
than  previously  believed.  The  major  GABAergic  input 
to  these  regions  has  been  well  defined:  it  arises  in  the 
caudatoputamen  and  possibly  in  the  globus  pallidus 
and  terminates  in  the  substantia  nigra  (Kim.  BaK. 
Hassler  &  Okada.  1971 :  Hattori.  McGffr.  Fibigfr 
&  McGefr.  1973:  Fonnum.  Grofova.  Rinvik. 
Storm-Mathisfn  &  Walberg.  1974:  Brownstfin. 
Mroz.  Tappa7  &  Leeman.  1977:  Fonnum.  Gottfs- 
eei.d  &  Grofova.  1978:  Jfsseli.  Emson.  Paxinos  & 
Cl'ELLO.  1978).  However,  other  minor  GABAergic 
projections  may  also  terminate  parts  of  this  nucleus, 
especially  in  the  pars  compacta  (Fonnum  et  at..  1977: 
Brownstfin  et  at..  1977).  In  addition  the  GABAergic 
innervation  to  the  medialmost  mesencephalic  nuclei, 
which  also  might  be  functionally  important  (Stevens. 
I979)  is  as  yet  undefined:  the  present  study  shows  that 
these  regions  have  a  highly  specific  pattern  of 
GABAergic  innervation  The  highest  GAD  activities 
in  the  pars  compacta  of  the  substantia  nigra  and  the 
ventral  tegmental  area  were  found  in  the  rostral 
mesencephalon  At  this  level  the  rostromedial  pars 
compacta  and  pars  reticulata  exhibited  the  same 
density  of  GABAergic  terminals  as  the  central  pars 
reticulata,  while  the  caudal  pars  compacta  had  only 
60"„  of  this  GAD  activity  Considerably  lower  activi¬ 
ties  were  found  in  the  medial  accessory  optic  nucleus, 
the  caudal  ventral  tegmental  area  and  the  interpedun¬ 
cular  nucleus  (Fonnum  et  al.  1977.  and  this  paper). 
These  data  lead  us  to  suggest  that,  at  least  in  the  rat. 
both  the  medial  part  of  the  dopaminergic  cells  group 
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Fici.  3.  Toluidine-stained  section  showing  the  cytological  features  of  the  rostromedial  substantia  nigra 
and  adjacent  regions  Compare  with  Fig  2.  Abbreviations  as  in  Fig.  2.  Bar  100  jjm. 
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M  in  the  pars  compacta.  and  the  dopaminergic  cell 
group  A10  in  the  ventral  tegmental  area  (Dahlstrom 
&  Fi'xt.  1965)  might  preferentially  be  innervated  by 
CiABAergie  fibres  rostrally. 

Afferent*  from  the  nucleus  accumhens.  Our  study 
also  defines  the  origin  of  one  of  the  GABAergic  inputs 
to  these  regions:  a  significant  population  of  GABA¬ 
ergic  terminals  disppears  from  both  the  rostromedial 
substantia  nigra,  the  rostral  ventral  tegmental  area 
and  possibly  a  part  of  the  caudomedial  pars  compacta 
after  destruction  of  the  nucleus  accumhens.  This  effect 
is  not  dependent  on  the  involvement  of  nuclei  adja¬ 
cent  to  the  nucleus  accumhens.  and  the  distribution  of 
these  GABAergic  terminals  coincides  well  with  the 
termination  of  the  efferent  fibres  from  the  nucleus 
accumhens  as  visualized  by  anatomical  methods 
t('i)SRAl)  &  Piah.  1976;  Naha  et  ill..  1978).  Thus, 
these  GABAergic  fibres  probably  originate  in  the 
nucleus  accumhens  proper  and  do  not  represent  fibres 
en  />iHMii/<  destroyed  by  the  lesion  Some  fibres  from 
ihe  nucleus  accumhens  also  extend  into  the  lateral 
pars  compacta  iNai  is  el  ul .  I97X|,  and  these  might 
also  possible  ionium  small  contingents  of  CiABAergie 
tihros  It  vi  however,  thes  are  too  few  to  be  delected 
b\  ihe  techniques  employed  in  Ihe  present  study  In 
o'nii.i'i  !•'  these  regions  we  lind  lhal  the  caudal  MO 
group  tii  ihe  venti  il  tegmenta1  area  is  not  innervated 
■n  measur  able  mtounts  ol  li  \B\ergic  fibres  from  the 
hk lens  is s ambers  I  his  ts  tn  agreement  with  our 
previous  s! u. Ill's  Ml  hcniltl.insCilcd  bt.lllls  ifoNSIM 

i'|‘  tin  (i\H\  sssieni  n  ihe  medial  access- 

orv  'pit.  .Hi .  a v  iinurtcsted  bv  the  lesion,  and 

Hie  .ilk-  -esuiis  ...  Sah  e  igieeilienl  with  Ihe 
in ai.Miii.a  -i.idK-  mui  i  sin.iir  mimhvi  il  anv  o<  the 
as i umbs  ns  ribts.  iitmm.ili  at  thev'  regu'lls  |\ai  I  s 
.  '  .  r  s ,  i  >„,  siastv  us.,  shows  that  ills*  Ci ABA¬ 
CI  e is  nbn  s  It.  in  tbs  ims  lens  issiimbs'iis  sail  only  be 
t.Miiist  with  prs'.  isi  mist. 'dissection  lechniques  fhis 
aider  lines  lhal  Ills  negative  linsiings  on  GAD  ill 
samples  M  whole  subsi.mlta  nigra  after  large  lesions 
in  Ihe  anterior  neostriatum  iNm.v  C'akiik  & 
fmii.iH  1‘t'Hi  m.n  inn  be  entirely  correct 

Ihe  pi  event  studv  luriher  demonstrates  that  the 
nucleus  neiumhens  in  many  ways  behaves  like  an 
integral  part  of  the  rostroventrul  neostriatum  firstly, 
the  biochemical  identification  of  GAB  A  us  a  transmit¬ 
ter  in  the  accumhens  nigral  pathway  is  consistent 
with  the  findings  lor  the  stnalonigral  projection  (Fon¬ 
ni  m  er  til .  1974  Fnw  vt  ei  ul .  I97gj.  Secondly,  the 
rostromedial  termination  of  ihese  GABAergic  fibres 
in  the  substantia  nigra  is  comparable  to  the  distribu¬ 
tion  of  (he  rostral  neostriatal  fibres,  which  are  known 
to  terminate  preferentially  in  medial  parts  of  the  sub¬ 
stantia  nigra,  while  the  caudal  neostriatum  sends 
fibres  more  laterally  (Bt  nniy  &  Aohajanian.  1976. 
l  i  i  iik  it  el  ul..  1978).  The  dorsal  termination  of  the 
accumhens  fibres  also  agrees  with  anatomical  studies, 
which  have  shown  that  the  ventral  neostriatum  sends 
fibres  preferentially  to  dorsal  nigral  regions,  while  the 
dorsal  neostriatum  sends  fibres  to  the  ventral  nigra 


(Domiskk.  1977;  Naha  el  ul..  1978).  Lastly,  our 
quantitative  results  show  that  the  majority  of  the 
GABAergic  fibres  from  the  nucleus  accumhens  to  the 
mesencephalon  terminates  in  the  medial  substantia 
nigra  and  not  in  the  ventral  tegmental  area.  They 
therefore  probably  innervate  cells  which  arc  situated 
laterally  to  those  dopaminergic  cells  in  the  ventral 
tegmental  area  which  project  back  to  the  nucleus 
accumhens.  This  projection  pattern  has  also  been 
found  in  the  neostriatonigral  pathway  iDomi.sk  k. 
1977;  Fallon  &  Mooki.  1978).  restricted  parts  or  the 
neostriatum  project  most  densely  to  nigral  regions 
immediately  lateral  to  those  nigral  cells  which  inner¬ 
vate  that  particular  striatal  locus.  Taken  together, 
these  data  give  additional  credence  to  the  proposed 
neostriatal  nature  of  the  nucleus  accumhens  iHiimik 
&  Wilson.  1975;  Swanson  &  Cowan.  1975;  Naita 
et  ul..  1978;  Nai  ta.  1979;  Wai.aas&  Fonni  m.  197 fib 

Possible  functional  implii  anon* 

The  nigral  neurons  influenced  by  the  GABAergic 
fibres  from  Ihe  nucleus  accumhens  have  not  been 
defined  (Nai  ta  el  ai.  1978).  ft  has  been  shown  that 
GABAergic  terminals  in  the  rostral  substantia  nigra 
influence  mgrostnatal  dopaminergic  cells  (Jamis  & 
Si \rr.  1978)  and  the  accumhens  fibres  could  well  he 
involved  m  this  system.  However,  also  nigrotectal. 
nigrothalamtc  or  nigroreticular  neurons  (Carpi  Nil  k. 
Nakano  &  Kim.  1976;  Risvik.  Gkohiva  &  Ol n  k- 
stv  1976;  Gkayhii  i  .  1978;  Bhksttad.  Domiskk  & 
Nai  (a.  I979|  in  the  pars  reticulata  may  be  involved. 
It  is  well  known  that  locomotor  activity  may  be  ini¬ 
tiated  by  dopaminergic  mechanisms  in  the  nucleus 
accumhens  (Pijni  N«t  R<i  &  Van  Rossi  m.  1973k  and 
the  lack  of  this  dopamine  effect  has  indeed  been  sug¬ 
gest'd  to  be  responsible  for  the  akinesia  found  in  the 
Parkinsonian  syndrome  (Anih'n  &  JiillStlS.  1977). 
The  CiABAergie  projection  from  the  nucleus  accum¬ 
hens  to  the  substantia  nigra,  or  alternatively  the  very 
dense  CiABAergie  projection  to  the  ventral  pallidum 
(Wai  aas  &  Fonni  m.  19796)  could  possibly  represent 
output  pathways  mediating  these  motor  responses,  as 
both  these  nuclei  seem  to  have  connections  to  the 
central  motor  system  via  the  thalamus  or  the  reticular 
substance  (Hiimir.  1978;  Carpi  sti h  et  <if.  (976. 
Hi  (  KST1  AI)  et  ul..  1979). 

Lastly,  our  results  demonstrate  that  some  GABA¬ 
ergic  fibres  pass  from  the  nucleus  accumhens  to  Ihe 
rostromedial  pari  of  the  ventral  tegmental  area 
Retrograde  transport  techniques  and  clcctrophysio- 
logical  studies  indicate  that  this  region  contains  only 
few  cells  projecting  to  the  nucleus  accumhens  (Nai  ta 
i7  ul..  1978;  Won  el  ul..  1978).  and  our  results  there¬ 
fore  do  not  seem  to  give  strong  evidence  m  support  of 
a  mcsohmbic  inhibitory  'feed-back'  system,  i.e.  that 
dopaminergic  Alt)  cells  arc  influenced  by  a  GABA¬ 
ergic  projection  from  the  nucleus  accumhens.  The 
majority  of  the  mcsohmbic  dopaminergic  cells  pro¬ 
jecting  to  the  nucleus  accumhens.  as  demonstrated 
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by  retrograde  transport  techniques,  is  located  more 
caudally  (Nai  ia  ri  of.  I97X).  and  these  cells  are  not 
innervated  by  GAHAergic  libres  from  the  rostral 
forebrain  (Fiinni  m  el  al..  1977;  and  this  paper). 
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